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Abstract
In order to enhance both the photoactivity and physical/mechanical properties of
titania/polyurethane (PU) nanocomposites, in-situ polymerization and film casting were
investigated. Both self-degrading PU foams and self-cleaning PU coatings were prepared.
Functional monomers were prepared using DMPA (2,2-dimethylolpropionic acid)
functionalized anatse TiO2 and P25 for integration into polyurethane foam with a
"grafting-from" synthetic method. This technique was found to successfully reduce the
agglomeration effect of titania nanoparticles inside the foams. In addition, the
photodegradation rate was enhanced by > 120% over unmodified foam at an optimized
loading of 3wt% DMPA functionalized anatase TiO2. The presence of DMPA
functionalized P25 nanoparticles produced an increase in the degradation rate of 66%
over the unmodified foam at an optimized 1wt% loading.
SiO2 encapsulated anatase and rutile TiO2 nanoparticles were successfully
synthesized via a modified Stöber process, and integrated into polyurethane coatings. The
SiO2 encapsulation enhanced the anatase TiO2 nanoparticle distribution as well as the
photocatalytic activity of the polyurethane nanocomposites when the loading weight of
SiO2 was lower than 3.25wt%. By increasing the SiO2 amount on the titania surface, the
contact angle of the coatings increased from 75° to 87° for anatase phase and 70° to 78°
for rutile phase. The Young's Modulus was also increased from 1.06GPa to 2.77GMPa for
anatase phase and 1.06GPa to 2.17GPa for rutile phase, attributed to the silica layer
giving better integration. The thermal conductivity of the polyurethane coatings was also
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successfully decreased by encapsulating SiO2 on the titania surface, which has
applications for next generation high performance coatings.
In addition to nanospheres, TiO2 nanofibers were synthesized via an environmental
friendly supercritical CO2 method and nanotubes were prepared via a hydrothermal
reaction. They were encapsulated with silica via the modified Stöber process, then
integrated into polyurethane coatings. With more of SiO2 coated on the nanofibers’
surface, the photocatalytic activity, UV absorbance, and hydroxyl radical formation
decreased due to the shielding effect of the SiO2 layers. These effects in part are
attributed to the surface area changes. With these modified nanofibers and nanotubes, the
polyurethane coatings were found to exhibit similar photoactivity trend. The mechanical
strength was enhanced and the hydrophobicity of coatings was maintained upon exposure
to UV irradiation.
Nanofiber shaped TiO2 xerogel was synthesized via environmental friendly approach
with supercritical CO2 (ScCO2), which when mixed within polyurethane coatings through
film casting method and the coatings remain transparent. The coordination between Ti
and the carboxylic acid group was investigated showing a bidentate coordination. The
TiO2 xerogel nanofibers were found to possess high UV absorbance with high UV
shielding properties when integrated into polyurethane coatings. They also were found to
influence the thermicity while increasing the reflective index, hence allowing more IR
transfer through the coatings faster.
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Chapter 1. Introduction
1.

Overview
Since the invention of polyurethanes in 1937, they have become one of the most versatile

types of polymers in existence today. Polyurethanes have been increasingly used for a wide
variety of applications due to their low cost, unique physical and mechanical properties, and long
usage life [1-6]. In 2010, the global market for polyurethanes was estimated at 13.7 million tons,
which was expected to reach 17.9 million tons by 2016. In terms of value, polyurethanes were
estimated to be worth US$33 billion in 2010 and are expected to reach US$55 billion by 2016[7,
8].
As emerging applications for polyurethane's become more complex with longer lifetimes
required, conventional products are limited by having only a polymeric component. However,
nanotechnology provides a new approach for introducing metal oxide nanoparticles into a
polymer matrix to create higher performance products, termed polymer nanocomposites.
Compare to traditional fillers, polymer nanocomposites achieve similar property enhancements
with 1-5% volume addition compared to conventional loadings of fillers requiring 15-40%[9].
More importantly, some unique properties are introduced to the nanocomposite such as increased
resistance to oxidation and ablation. Some of these characteristics have been transformed into
commercial success including automotive parts. Although the field of adding metal oxide
nanoparticles especially TiO2 into polyurethanes is with tremendous opportunity [10-13], it is
relatively unexplored how to reduce the agglomeration of nano-TiO2 in polyurethane while
examining applications in photoactive properties. Several applications to be explored in this
1

thesis include photo-degrading foams incorporating DMPA-TiO2 nanoparticles, high
performance coatings with TiO2-SiO2 core-shell structure nanoparticles, nanotubes, and
nanofibers, and UV shielding transparent coatings with nanofiber-shaped TiO2 xerogel.
2.

Objectives
Polymer nanocomposites generally suffer from a serious problem which is the

agglomeration effect of the nanofillers, especially TiO2 inside the polymer, which will have a
negative impact on the photocatalytic activity [14-18]. Generally speaking, there are four
methods for reducing the agglomeration effect of polymer nanocomposites, melt compounding
such as extrusion [19, 20], film casting [21, 22], in situ polymerization [23, 24], and in situ
particle generation [25, 26]. In this thesis, two methods, in situ polymerization and film casting,
are mainly applied in order to reduce the agglomeration effect. DMPA functionalized TiO2
nanoparticles are integrated in polyurethane foams via in situ polymerization to enhance the
photodegradation of polyurethane foam. SiO2 encapsulated TiO2 nanoparticles, nanofibers, and
naotubes are integrated in polyurethane coatings via in situ polymerization to enhance the
photocatalytic activity and physical chemical properties as well. Nanofiber-shaped TiO2 xerogel
mixed with polyurethane coatings were prepared via film casting and in-situ polymerization to
enhance the UV shielding property while remaining transparent.
3.

Literature review
Metal oxides/polymer nanocomposites are attracting tremendous interest from scientists and

engineers due to their unique and widespread applications in areas such as catalysts[27],
antibacteria surfaces[28], to window coatings[29]. Here we are going to investigate two types of
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nanoscale metal oxides in this dissertation: TiO2, and SiO2, and their performance when
integrated within the versatile polymer, polyurethane.
3.1. Polyurethane
Polyurethane is a polymer in which organic units are conjugated with urethane linkages (–
NH – C (= O) – O –) [30, 31]. They are traditionally formed by the reaction of polyisocyanate
which provides isocyanate groups and polyol which provides hydroxyl groups.

Scheme 1.1

shows the generalized urethane reaction.
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Scheme 1.1 The generalized urethane reaction.
There are generally two forms of polyurethane polymers, elastomers[32] and foams[33].
Polyurethane elastomers are synthesized following the general urethane reaction which takes
place between two main raw materials, polyisocyanate and polyols. Polyisocyanates can be
divided into two categories, aromatics such as polymeric diphenylmethane diisocyanate (MDI)
and aliphatic such as polymeric hexane diisocyanate (HDI). Polyols generally include polyether
polyols and polyester polyols. Recently, there are new environmentally friendly polyols
developed which are vegetable oil contains hydroxyl group [34-36]. The urethane reaction
usually requires extra conditions such as heat or UV irradiation[37, 38]. However, with the
addition of certain catalysts such as tertiary amines, the reaction can proceed under ambient
condition as Scheme 1.2 shows[39, 40].
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Scheme 1.2. Polyurethane reaction mechanism catalyzed by tertiary amine.
In order to synthesize polyurethane foams, additional reactive agents are required since a
foaming process is involved in the reaction. Therefore, other than polyisocyanates, polyols, and
catalyst, blowing agents and surfactants are also necessary [41]. During the foaming process, a
blowing agent is essential because gas generation which causes bubbles depends on it. The most
common blowing agent is water, which will react with isocyanate groups, producing carbon
dioxide (Scheme 1.3). Surfactants which are formed by polydimethylsiloxane (PDMS) backbone
and polyethylene oxide-co-propylene oxide (PEO-PPO) random copolymer grafts are necessary
in the foaming process as well. They will have a significant effect on the bubble size and cell
windows. Without these agents, the foaming system will experience catastrophic coalescence and
eventually cause foam collapse [42-44].
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Scheme 1.3. Polyurethane foam reaction model.
In order to improve the physical and chemical properties of polyurethanes for various
applications, polyurethane nanocomposites have been investigated. Kim, Hyunwoo, et al.
produced the graphene/polyurethane nanocomposites successfully, improving their electrical
conductivity [45]. Jain, Prashant, et al. formed a polyurethane nanocomposite with silver
nanoparticles to make an antibacterial water filter[46]. Guo, Zhanhu, et al. introduced silicon
carbide nanoparticles into polyurethane and enhanced the thermal stability and mechanical
strength of the material[47].
Another important factor regarding polyurethane is their degradation due to their long usage
life and long decomposition time after disposal. There are two main decomposition methods for
polyurethane, thermal decomposition [48-50] and chemical decomposition [51-53]. However,
they are both not environmental friendly due to the release of toxic agents [54, 55]. Some studies
have indicated that under UV irradiation, polyurethanes are prone to photodegradation [56, 57].
Therefore, photocatalysts such as TiO2 can be introduced into the polyurethane structure in order
to improve its photodegradation ability. In this thesis, we are going to investigate the effect of
several nanostructures on polyurethane foams and coatings.
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3.2. Metal Oxides
Metal oxides nanosturctures are attracting tremendous interest from scientists and engineers
due to their unique chemical and physical properties such as optical conductivity [58-60], ionic
or mixed ionic/electronic conductivity [61, 62], yield strength and hardness [63, 64], and
catalytic activity [65-67], which make them suitable for the applications in various fields like
solar cells [68, 69], biosensors [70, 71], bone cements [72, 73], and catalysts [74-76]. Generally,
metal oxides nanostructures includes aluminum oxides [77, 78], zirconium oxides [79], titanium
oxides [80, 81], and other oxides such as zinc oxides [82, 83] and silica oxides [84, 85]. In this
thesis, TiO2 and SiO2 will be investigated.
3.2.1

Titanium Dioxide

Titanium dioxide (TiO2) is the naturally occurring oxide of titanium, which has a wide range
of applications from paints to sunscreens [86-88]. Generally it consists of two different crystal
structures, anatase and rutile (Figure 1.1). While rutile exhibits a band gap which is about 3.0 eV,
anatase has a higher band gap which is about 3.2 eV (Figure 1.1). This difference in band gap
would imply that rutile can be excited by irradiation at longer wavelengths at 413 nm compared
to anatase which is 388 nm. However, anatase generally exhibits superior photocatalytic activity
to rutile as a result of a significantly higher surface area which leads to higher levels of adsorbed
radicals[89].
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Figure 1.1. Structure and band gap energy of Rutile and Anatase TiO2.
As shown by Xu Dong Chen et al[90], anatase TiO2 nanoparticles will increase the
photodegradation ability of polymers like polyurethane, while rutile TiO2 nanoparticles will
stabilize the polymer performance under sunlight. They investigated the photooxidation
mechanism of PU which was found to proceed via oxidation on carbon atoms in the α position of
urethane N–H groups.
●

TiO2 molecules generate various active oxygen species such as O2●－,

●

HOO and HO under UV irradiation. These species will attack neighboring polymer chains to
absorb a hydrogen atom to form carbon-centered radicals. Finally, hydroxyl derivatives and
carbonyl intermediates will be produced, leading to chain cleavage. However, how the
nanoparticle size and morphology will affect the photodegradation ability of nanoTiO2 is still not
clear, requiring further investigation. Nano TiO2 has a high light absorption which is mainly
attributed to direct interband electronic transitions[27]. After TiO2 nanoparticles absorb light and
photons with energies equal to or higher than its band gap energy, electrons are excited from the
valence band into the unoccupied conduction band. This leads to excited electrons in the
conduction band and positive holes in the valence band. These charge carriers can recombine, or
become trapped and react with electron donors or acceptors adsorbed on the surface of the
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photocatalyst. The competition between these processes determines the overall efficiency for
various applications of TiO2 nanoparticles[27].
When nanoTiO2 is irradiated by a light source which exceeds the band gap, electron-hole
pairs are generated so that electrons enter the conduction band, while holes remain in the valence
band. These electron-hole pairs facilitate redox reactions through the formation of adsorbed
radicals on the nanoTiO2 surface. The photocatalytic activity of nanoTiO2 depends on the relative
rates of generation and recombination of electron-hole pairs as well as the levels of adsorbed
radical-forming species on the nanoTiO2 surface. The research on photodecomposition of water
and photooxidation of organics has provided some evidence into the mechanism. From
Kesselman’s study, when the photooxidation of CHCl3 by oxygen is conducted in aqueous
solution using 30 nm TiO2 particles, the interfacial charge transfer rather than electron-hole
generation is the rate-limiting step for the overall photodegradation process[91]. Another study
also investigated the photodegradation of organic pollutants on rutile TiO2 surface[92], which
clearly demonstrated that substrate-mediated photoactivation of adsorbed oxygen is the key step
in the photocatalytic oxidation of methyl chloride on TiO2.
TiO2 nanoparticles have a strong tendency to agglomerate [93-95] which will affect their
specific surface area and therefore their photocatalytic activity. Many studies have been
performed to avoid or minimize the agglomeration effect including transforming titania's shape
into nanotubes or nanofibers [96, 97], shaped-controlled method [98], or modify their surface
with various ligands[99, 100]. In this study, SiO2 is encapsulated onto the surface of TiO2
nanoparticles in order to reduce the agglomeration effect, which will form a structure of silica
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aerogel whose pores will be filled by nanoparticles. It is expected that these structures will
possess properties of silica aerogel without losing photoactivity.
TiO2 nanotubes and nanofibers are one-dimensional (1D) nanostructure which provide
higher specific surface areas and high mechanical strength[96, 101]. They have attracted much
attention due to their photocatalytic property in specific crystal structure, anatase and
rutile[102-104]. These so-called 1D materials have been used in many fields such as
photocatalysis[105-107], solar cells[108, 109], electrochromic devices[110], biomedical
coatings[111-113], drug delivery[114-116] and so on. Many methods have been developed to
synthesize TiO2 nanotubes and nanofibers.
Generally, there are three common methods to synthesize TiO2 nanotubes; these include
template preparation[117, 118], anodic oxidation[119], and chemical processing[120]. In the
template preparation method, the size and morphology of the nanotubes mainly depend on the
template, and nanotubes are hard to maintain their shape when separated from the template.
Anodic oxidation is able to synthesize even-sized nanotubes but with relatively larger diameters.
Chemical processing is the first and classic method of preparing nanotubes with the smallest size.
However, different hydrothermal conditions are known to affect the mesoporous structure of the
nanotubes[121].
In the chemical processing method, a single layer of TiO2 nanosheets is removed by the
effect of strong base solution, helping to form unsaturated bonds on both sides of the nanosheet.
During the reaction, more unsaturated bonds are formed and the surface becomes more active. At
a certain point, the nanosheet begins to curve in order to reduce the system energy, and forms a
9

tube at the end [121]. During the processing, the nanotubes tend to conjugated into a cluster,
which can be reduced by increasing the ratio of TiO2 nanocrystal and the volume of NaOH
solution[121].
TiO2 nanofibers are commonly prepared via hydrothermal methods[122], electrospinning
[123, 124], and the sol-gel method[97, 125]. Recently, an environment friendly method,
supercritical CO2 has been used to synthesize TiO2 nanofibers[97]. This is a sol-gel method
which replaces the solvent with CO2 in critical conditions. Supercritical CO2 is a fluid state of
carbon dioxide where it is held above its critical temperature and critical pressure. This
methodology has attracted considerable attention in recent years due to its lack of solvent residue,
inexpensive, nontoxic, and negligible surface tension, which make it an ideal approach not only
for chemical extraction but also for nanomaterial synthesis [97, 126, 127].
During the supercritical CO2 synthesis of TiO2 nanofibers, different amounts of titanium
isopropoxide (TIP) and acetic acid are added into the autoclave reactor. The reaction takes place
in an experimental system, such as that shown in Figure 1.2. For example, it was previously
shown at 60℃ and 6000 psi, with 6.1 mol/L acetic acid, 1.5 mol/L results in 10nm diameter
nanofiber and 1.1 mol/L results in 40 nm diameter nanofiber[97].
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Figure 1.2. The demonstration of synthesis of TiO2 nanofiber via supercritical CO2.
Some studies regarding the modification of TiO2 nanotubes and nanofibers are performed in
order to improve the physical chemical property and expand the application field. The
modification methods include doping with other elements such as N, C, Fe [128-130], and
depositing with other metal oxides [131-133]. However, there is lack of the study of SiO2 effect
on nanotubes and nanofibers, which will be investigated in this study.
TiO2 xerogels are of considerable interest in the metal oxide xerogel field. Due to the unique
photoactivity from two different phases: anatase and rutile, high photocatalytic activity is
provided [134] while other applications such as dye sensitized solar cells[135] and biosensor[136]
have been reported. Other metal oxides such as SiO2[137, 138] and V2O5[139, 140] are also
involved in the sol-gel process and can form combined metal oxides xerogels. The conventional
method to synthesize TiO2 xerogels or modified TiO2 xerogels is the sol-gel proces, with a
typical procedure reacting titanium isopropoxide and acetic acid in methanol [141]. According to
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many studies, the titanium isopropoxide and acetic acid will form a bidentate coordination [142,
143].
In this study, an environmental friendly approach using Supercritical CO2 has been applied
for the synthesis of TiO2 xerogel. Using this technique, titanium isopropoxide and acetic acid are
dissolved in supercritical CO2 solution, then reacted in an autoclave to form TiO2 xerogel. The as
-prepared xerogel will be able to dissolve in solvent with a similar polarity of acetic acid, such as
methanol or ethanol. In this case, due to the UV absorbance property of TiO2 nanostructure[144],
transparent window coatings with high UV absorbance can potentially be prepared.
A similar study has been carried out to prepare transparent polyurethane/titanium hybrid
films [145]. The process includes preparing titanium sol-gel with titanium n-butoxide and water,
mixing polyester and titanium sol-gel to get resin, then synthesizing a film with polymer/titanium
hybrid resin and isophorone diisocyanate. The formed film presents high UV shielding properties
while maintaining transparency in the visible region. However, this process involves several
defects which in this study will be overcome such as synthesis complexity, and environment
unfriendly solvents.
3.2.2

Silica Dioxide

Silica dioxide (SiO2) nanoparticels are generally synthesized through the Stöber process[146,
147], which is a classic physical chemistry process for the generation of monodispersed silica
particles[148]. This process involves excess of water, low molar-mass alcohol, and ammonia.
The classic Stöber process is able to encapsulate silica onto the surface of other metal oxides as
shown in Scheme 1.4 [146].

As the mechanism shows, hydroxyl groupd appear on the sphere
12

surface [149], which makes in situ polymerization possible since the hydroxyl groups react with
isocyanate groups during the polyurethane synthesis.
Hydrolysis
Si(OC2H5)4 + 4H2O

Si(OH)4 + 4C2H5OH
Esterification
Condensation

Si(OH)4 + (OH)Si

Si

O

Si

Si

O

Me

Condensation
Si(OH)4 + (OH)Me

Scheme 1.4. The mechanism of modified Stöber process for silica encapsulation on metal
oxide.

As a previous study has shown, the silica encapsulated metal oxide possesses a similar
structure as silica aerogel, in which the void space is replaced with metal oxide crystals [150].
Therefore, it might possess properties of silica aerogel such as thermal conductivity [151, 152]
which would lower the thermal conductivity of polymer nanocomposites, and high optical
transparency [152, 153] which would help preserve the photoavtivity of both nanoparticles and
nanocomposites.
Thermal conductivity of silica aerogels is lower than air due to its high porosity and
nanometer pore size. Silica aerogels have a very small fraction of solid silica, so it has lower
solid conductivity and transmits lower thermal energy[154]. However, since the pores of silica
aerogel are open, allowing gas to diffuse through, gases are able to transfer thermal energy to the
solid matrix. Moreover, infrared radiation is able to transfer thermal energy as well, but this is
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lower when the temperature is low, and it would dominant the thermal conduction when the
temperature is high.
Optical transparency is another important property of silica aerogels. This property is quite
unusual for a porous material. The reason is that the aerogel microstructure is small enough
compared to the wavelength of light. Transparency happens because there is a small amount of
scattering in the visible region, and the scattered light has a relatively isotropic angular
distribution and exhibits little multiple scattering[155].
The Stöber process has been modified in many studies to coat SiO2 onto the surface of P25
[156, 157]. In these studies, different molar ratios of TEOS to TiO2 from 0:1 to 6:4 or different
amounts of surfactant were studied. Observable SiO2 layers are on the surface of P25 through
HR-TEM images and they were analyzed to be amorphous SiO2. It was also found that the
photocatalytic activity of the hybrid nanoparticles is driven by the adsorption rate. The main
problem here is that the silica layers on the surface is not thin enough to allow free radicals
generated by electron-hole pairs to reach the surface and contact with pollutants, which is why
the photocatalytic activity is adsorption-driven.
A separate study applied the Stöber process to coat TiO2 onto the surface of SiO2 in order to
obtain high-efficiency solar cells, due to the optical transparency of the SiO2 core and the light
scattering inside the TiO2 shell [158]. In this process, TIP was used in the solution to carry out
the hydrolysis and condensation reactions on the surface of SiO2 nanoparticles. As a result, the
prepared SiO2-TiO2 core-shell nanostructures successfully improved the solar cell energy
conversion efficiency due to the introduced light scattering function. It helps to consider that
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with SiO2 layers coated, light scattering could happen as well.
Instead of the Stöber process, the sol-gel method has been used for preparation of SiO2-TiO2
nanostrcutures as well [159-161]. In this method, TiO2 and SiO2 are synthesized from precursors
during one step together or two steps to form a mixture of TiO2 and SiO2, where there might not
be a chemical linkage between these two oxides. Some results have shown that SiO2 inside the
mixture would help increase the thermal stability and allow a higher calcination temperature
leading to a higher rate of anatase phase. This will suppress the TiO2 crystal growth leading to
higher surface area material, which will enhance the photocatalytic activity [160]. Another
interesting study prepared a rattle-type SiO2-TiO2 nanoparticles via the sol-gel process [159].
This technique created a void space by applying polymer inside the process. The polymer was
adsorbed onto the surface of TiO2 nanoparticels followed by the SiO2 coatings through precursor
TEOS. The polymer layers in-between were then degraded through UV irradiation and therefore
created a void space between TiO2 core and the SiO2 shell. As a result, these rattle-type
nanoparticles show a higher photocatalytic activity; meanwhile they possess high UV-shielding
performance without decomposition of the supporting organic materials. However, a
disadvantage of sol-gel method could not be neglected is the environmental unfriendly and the
chemical residuals.
3.3 Polyurethane nanocomposites
Polyurethane nanocomposites are nanofiller modified polyurethane in order to introduce
new properties or enhance the existing properties for various applications. One of the most
interesting applications developed in recent years is the shape-memory effect of polyurethane
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nanocomposites [162-164]. There are two types of shape-memory polyurethane nanocomposites,
thermal trigger and electric trigger. The thermal trigger nanocomposites are usually formed with
silica related nanostructure [165, 166], while the electric trigger ones usually contains carbon
nanotubes or graphene [167, 168]. With carbon nanotubes or graphene as the nanofiller, the
electrical conductivity would be enhanced in polyurethane nanocomposites [169, 170], which is
due to the electrical conductivity of these nanofillers when added above the percolation
threshold.
With metal oxides used as the nanofiller in polyurethanes, the nanocomposites would exhibit
enhanced optical and thermal properties for UV absorbance [171], photocatalytic activity [172],
thermal stability as a flame retardant [173, 174], and thermal insulation from heat transfer or IR
irradiation [175, 176]. SiO2 related nanostructures generally introduce enhanced thermal
behavior into the polyurethane nanocomposites [177], while the photoactivity and UV related
property of nanocomposites are from the photocatalyst metal oxides such as TiO2 [178]. The
photocatalytic activity of polyurethane nanocomposites has been applied in the medical field for
enhanced antibacterial activities [179, 180]. Polyurethane nanocomposites have been used in
other medical applications such as bone cements with hydroxyapatite [181], and biocompatibility
enhancement with carbon nanotubes [182].
Generally, there are three methods for preparing polyurethane nanocomposites, i.e. blending
[183], the sol-gel method [184, 185], and in-situ polymerization [186, 187]. Blending is a
method that mixes the prepared nanofillers inside the uncured polyurethane mixture or melted
thermoplastic polyurethane to form nanocomposites. However, since the polyurethane usually is
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cured quite fast and most of them are thermosetting, it is not widely used. The sol-gel method
method dissolves the nanofiller precursor in organic solvent and mixes with polyurethane
precursors. Then the mixture goes through the sol-gel process and forms the polyurethane
nanocomposites. During this process, the nanofiller precursors would produce hydroxyl groups
which can react with isocyanate groups, thus creating chemical linkages between the nanofiller
and the polyurethane structure. In in-situ polymerization, nanofillers are mixed with
polyurethane precursor part A which usually be polyol or polyester, and then the precursor part B
usually be polyisocyanate is added to the solution, foring the polyurethane nanocomposite.
In order to have chemical connection and better distribution within the polyurethane
structure, nanofillers would generally be modified with functionalized groups [188, 189]. One
previous study used DMPA to functionalize the TiO2 nanoparticles and synthesize the
nano-TiO2/polyurethane composites for antibacterial and self-cleaning coatings [190]. With
bidentate coordination, one DMPA molecule would provide two hydroxyl groups which could
have reaction with isocyanate groups and create chemical linkage between nano-TiO2 and the
polyurethane structure. As a result, nano-TiO2 was well distributed in the polyurethane
nanocomposites and no significant agglomeration was observed.
Nano-TiO2/polyurethane nanocomposites commonly possess antibacterial and self-cleaning
properties, which provide many new potential applications in the medical and coating fields.
However, its property is limited by the agglomeration effect of TiO2 nanostructures. Surface
fictionalization with organic groups like DMPA as described above to form functional monomers
would be a potential solution to reduce agglomeration. The direct sol-gel method could also
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solve the agglomeration problem according to a previous study [145]. In this study, titania sol
was mixed with monomers to form a polyester/titania resin, and then reacted with IPDI to
produce polyurethane/titania nanocomposites, which appears to be transparent films with
enhanced UV shielding.
In this thesis, in order to study the reducing agglomeration of TiO2 nanostructures in
polyurethane nanocomposites, in-situ polymerization was used as the primary method with
DMPA functionalized and SiO2 encapsulated TiO2. Another method called film casting is applied
for the TiO2 xerogel since it would dissolve in methanol solution which gives a better
distribution and provide transparency to the polyurethane nanocomposites.
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Chapter 2. "Grafting From" Approach to the Synthesis of Photo-degrading
Polyurethane Foams utilizing 2,2-Dimethylolpropionic Acid Functionalized
Nano-TiO2
Abstract: Waste polyurethane foams are becoming a serious environmental issue due to their
low degradation rates upon environmental exposure. In order to accelerate foam degradation, this
work examined a "grafting-from" method in which polyurethane (PU) chains were grown
directly from functionalized TiO2 nanoparticle surfaces. Both anatase and P25 TiO2 nanoparticles
were reached with 2,2-dimethylolpropionic acid (DMPA) to produce functionalized monomers,
which were subsequently used for PU foaming in a "grafting-from" polymerization approach.
The photodegradation rate and degradation mechanism of synthesized PU foams was examined
by exposure of foams to a UV weathering chamber from 0-250 hrs with timed water spraying.
The results show that anatase TiO2 nanoparticles promote an increase in the degradation rate of
polyurethane foams 120% over unmodified foam at an optimized loading of 3wt%
DMPA-TiO2(A). The presence of DMPA functionalized P25 nanoparticles produced an increase
in the degradation rate of 66% over the unmodified foam at an optimized 1wt% loading. The
results of this study suggest the potential for enhancing the degradation of polyurethane foams
using a nano-TiO2 functional monomer approach.

Keywords: Polyurethane, DMPA, Titanium Dioxide, Photodegradation

19

1. Introduction
Polyurethane (PU) foams are frequently used to produce durable goods for many everyday
applications and industrial uses.[41] As such they enter the municipal solid waste stream by way
of discarded consumer and industrial products. One major problem is that due to the irreversible
cross-linking that occurs during the thermosetting process, commercial PU foams are not
susceptible to facile degradation. On the other hand, PU recycling programs are currently limited
to recycling clean scrap material from specific manufacturing processes, which are shredded and
processed for use in various applications such as carpet underlay[191]. While a small number of
chemical recycling processes do exist, they are extremely limited by high cost, the quality of
material required for recycle, and the current lack of infrastructure. Hence, the possibility for
enhanced degradation of PU's is of tremendous current interest.[192-194]
Previous studies have examined the impact of UV irradiation on aromatic PU foams during
UV exposure which have described the degradation process and yellowing of the foam. [56, 195,
196] Nano titanium dioxide (nTiO2) has been shown to enhance the photodegradation of PU [90].
However, simple mixing approaches for integrating TiO2 nanoparticles into polymers suffer from
particle agglomeration, providing a limited enhancement in the degradation rate.

One possible

solution is "grafting-from" polymerization in which polymer chains are grown from a
nanoparticle surface, providing steric stabilization and better access to the TiO2 photocatalytic
active sites. For instance, TiO2 nanoparticles can be attached to a polyurethane matrix through
NH2 or OH functional groups.[197, 198] However, it remains unexplored how this
"grafting-from" approach will affect the photocatalytic activity of TiO2 and the mode of
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photodegradation behavior.
In this study, 2,2-dimethylolpropionic acid (DMPA)-functionalized nano-TiO2 molecules
containing two hydroxyl groups were used to react with poly hexane diisocyanate (PMDI),
providing a direct connection during nanocomposite formation (see scheme 1). It was anticipated
that the agglomeration using this approach would be decreased and that the TiO2 nanoparticles
chemically linked to the polyurethane structure would provide superior photocatalytic sites. By
utilizing the photocatalytic properties of nano-TiO2 (anatase or P25),[199-201] the
decomposition rate of the polyurethane foam can be potentially enhanced when exposed to
sunlight.

2. Materials and Experiments
2.1 Materials. Polyols (Insulthane 200 part A) and PMDI (Insulthane 200 part B) were obtained
from Line-X Coatings (Brantford, ON). 2,2-Dimethylolpropionic acid (DMPA) and anatase
Titanium (IV) oxide nanopowder (TiO2) with an average particle size less than 25 nm and P25
with an average particle size of 21 nm were purchased from Sigma-Aldrich (Mississauga, ON).
All chemicals were used as received except DMPA which was heated under vacuum at 100ºC to
remove any absorbed moisture.
2.2 Synthesis Procedure. The synthesis of DMPA-TiO2 and P25 follows a procedure previously
described[198]. The coordination reaction occurs between the surface of DMPA and TiO2
(Scheme 1). The polyurethane foam was prepared by direct mixing of commercial product PMDI
and polyols with six samples of each type of nanoparticle prepared.
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Each sample was generated

using 10g of polyol (Insulthane 200 part A) and 10g of PMDI (Insulthane 200 part B), and
different amounts of DMPA-TiO2 (anatase, P25), i.e.: 0.0g, 0.2g, 0.4g, 0.6g, 0.8g, and 1.0g (0%,
1%, 2%, 3%, 4%, 5% by weight). The procedure is as follows: 10 g of PMDI was placed into a
150 ml polyethylene beaker, then mixed with DMPA-TiO2 of different weights: 0.0g, 0.2g, 0.4g,
0.6g, 0.8g, and 1.0g, under constant magnetic stirring at 600 rpm for 3 min at room temperature
in order to reach a homogeneous solution. Then, 10 g of polyol was added with constant
magnetic stirring at 600 rpm for 1 min to perform the foaming process. After that, the prepared
PU/nTiO2 foams were cured at room temperature for 24 hours.
2.3 Characterization. The photoactivity of the as-prepared DMPA-TiO2 was tested in 1ppm
methylene blue solution under UV irradiation in a light simulator (Luzchen ICH1) with a light
intensity of 0.635 W/m2. The methylene blue concentration was measured after 5, 10, 15, 20, 30,
40, and 60 minutes. Brunauer–Emmett–Teller (BET) surface area data was obtained using a
Micromeritics Tri Star II 3020 instrument at 77 K. Prior to the N2 physisorption, the samples
were degassed at 100℃ at reduced air pressure for 5 hours. Fourier Transform Infrared (FTIR)
spectroscopy was used to identify the functional groups of the prepared nanoparticles and
polyurethane foams. FTIR analysis was performed using a NICOLET 6700 spectrometer which
provided spectra in the range of 400-4000cm-1 and was operated using 32 scans at 4cm-1
resolution for each sample. Thermo-Gravimetric Analysis (TGA) analysis was performed to
characterize the prepared nanoparticles and polyurethane foams using a TA Instruments®
Q-series SDT Q600 analyzer. Data were analyzed using TA Instruments® Universal Analysis
2000 software. The aforementioned analyzer provided mass loss data over the temperature range
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of 25-800℃ at a constant heating rate of 20℃/min in air. The photodegradation weight loss of
PU/nTiO2 foams were tested in a weathering chamber (Q-Sun Xenon Test Chamber) for 250
hours. The test specimens had dimensions of 20 mm×10 mm×0.5 mm. The irradiation utilized
was 0.55 w/m2 which is equivalent to four noon summer sunlight. The temperature in the
chamber was 65°C with each cycle consisting of: 18 minutes irradiation plus water spray
followed by 1 hour 42 minutes irradiation. Scanning electron microscopy (SEM) was performed
for the experimental nanocomposite thin foam slices before and after weathering using a
LEO(Zeiss) 1540XB scanning electron microscope after each sample was osmium sputtered
using an Edwards Auto500 unit. Osmium was deposited at 15 mA/min for 90 seconds to achieve
a 5-7 nm osmium layer. All observations were made at 3 kV and varying magnifications.

3. Results and Discussion
3.1 Polyurethane Foam Synthesis With DMPA-TiO2(A) and DMPA-P25.
As shown in Scheme 1, the nanoTiO2 (anatase or P25) was treated with DMPA in
isopropanol to make a functional monomer-i.e. nTIO2-DMPA (see Scheme 2.1).
TiO2
O

O
COOH

HOCH2

TiO2
isopropanol

C

CH3

CH2OH

HOCH2

CH2OH

80C
12h

CH3

Functionalized DMPA

DMPA

Scheme 2.1. Coordination of DMPA to the surface of nTiO2.
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Functional group changes accompanying the coordination of DMPA with anatase TiO2 can
be observed using FTIR spectroscopy (Figure 2.1). The hydroxyl group absorption at 3352 cm-1
from DMPA was broadened during nanocomposite formation. The absorption for a carboxylic
acid group at 1683 cm-1 disappeared from the DMPA spectrum after functionalization, indicating
no unreacted DMPA remained. There are no significant absorptions in the spectrum for anatase
TiO2 between 1400-1600 cm-1. However, in the spectrum of functionalized TiO2, there are three
absorptions at 1558, 1471, and 1417 cm-1 which correspond to the presence of bidentate
coordination interactions between titanium atoms and the carboxylic groups of DMPA (see inset).
The identity of these absoptions has been confirmed by other studies.[202, 203]
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Figure 2.1. A comparison of FTIR spectra of (a) Anatase TiO2, (b) DMPA, and (c) DMPA
functionalized TiO2(A).
From this functionalized DMPA monomer, polyurethane foams were synthesized through a
"grafting-from" polymerization approach as shown in Scheme 2.2. In this methodology, the
polyurethane chains were grown from the surface of the TiO2 nanoparticles, which become
embedded within the foam structure during the foaming process. Polyurethane foams containing
both TiO2 and DMPA-TiO2 were prepared with the level of TiO2 the same for both samples.
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Scheme 2.2. "Grafting-from" approach for the preparation of functionalized polyurethane
foam.
The SEM micrographs of polyurethane foams made by simple blending of nTiO2 with those
made using the "grafting-from" approach are compared in Figure 2.2. It is clear that the "grafting
from" approach using DMPA-TiO2 provides a better dispersion of nanoparticles than those made
by simple blending of nTiO2 into the foam.
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Figure 2.2. SEM images of TiO2(A) and DMPA-TiO2(A) in PU foams. (a): TiO2(A)/PU
composites.( b): DMPA-TiO2(A)/PU composites.

3.2 Polyurethane Foam Degradation Kinetics.
Langmuir-Hinshelwood kinetics is a widely used approach for modeling heterogeneous
photocatalytic reaction processes[204]. In order to apply the Langmuir-Hinshelwood kinetics,
some assumptions need to be made.
(1) Hydroxyl radicals are formed uniformly and immediately upon irradiation.
(2) Photodegradation happens uniformly on the catalyst surface.
(3) The concentration of reactants C will be replaced by weight loss percent W due to the solid
form of reactants.
(4) As catalyst is integrated within reactant, the adsorption rate constant K s will be considered
as infinite.
(5) The surface decomposition step is the rate controlling step.
Based on these assumptions, the Langmuir-Hinshelwood kinetics applied in this study is written
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as:
rW =

dW
dt

=

k W Ks W

(9)

1+Ks W

where rW is the photodegradation reaction rate, W is the weight loss of polymer in terms of %,
t is the reaction time in terms of hour, k W is the reaction rate constant and K s is the adsorption
rate constant. Equation (9) can be rewritten as:
rw =

kW
1+

(10)

1
Ks W

As K s is assumed equal to infinity, the final photodegradation rate equation is expressed as
follows:
rw = k w

(11)

This equation suggests that the photodegradation of foam specimen is a zero order reaction. To
examine this relation experimentally, the weight loss results upon irradiation in the weathering
chamber were plotted according to Eqn. 11 (Figure 2.3). The results show that nanosized
DMPA-TiO2 (A) significantly affects the photodegradation ability of the polyurethane foams.
With an increase of the weight percent of DMPA-TiO2, the degradation increases until a loading
of 3% weight of nanoparticles. Then, the degradation ability decreased although it was still
higher than that of unmodified PU foam. The weight loss data plot clearly indicates that when the
loading of DMPA-TiO2 is 3wt%, the PU composite possesses the highest degradation rate. After
this, the degradation ability decrease is attributed to the agglomeration[94, 205] of TiO2
nanoparticles, as confirmed by electron microscopy results described further below.
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Figure 2.3. Percent weight loss of PU/DMPA-TiO2(A) foams. (weathering chamber,
Temperature 65°C, irradiation 0.55w/m2). a:0wt% DMPA-TiO2(A); b: 1wt% DMPA-TiO2(A); c:
2wt% DMPA-TiO2(A); d: 3wt% DMPA-TiO2(A); e: 4wt% DMPA-TiO2(A); f: 5wt%
DMPA-TiO2(A).
Comparing with the control experiments of PU foam modified with unfunctionalized anatase
TiO2 (Figure 2.4), the PU modified with DMPA-TiO2 exhibits a higher photodegradation rate.
Differently from DMPA-TiO2, the highest photoactivity of anatase TiO2 appears when the
loading weight is 4%, which indicates about 58% more degradation rate than from the
unmodified PU foam.
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Figure 2.4. Percent weight loss of PU/ TiO2(A) foams. (weathering chamber, Temperature 65°C,
irradiation 0.55w/m2). a:0wt% TiO2(A); b: 1wt% TiO2(A); c: 2wt% TiO2(A); d: 3wt% TiO2(A); e:
4wt% TiO2(A); f: 5wt% TiO2(A).
The weight loss results of DMPA-P25/PU composites are provided in Figure 2.5. Comparing
with the unmodified PU foam, different loadings of DMPA-P25 have different effects. When the
loading weight of DMPA-P25 is 1wt%, the PU foam has the highest degradation rate. With
increased loading of nanoparticles, the degradation rate becomes relatively constant as shown in
the inset plot.

30

Figure 2.5. Percent weight loss of PU/DMPA-P25 foams. (weathering chamber, Temperature
65°C, irradiation 0.55w/m2). a:0wt% DMPA-P25; b: 1wt% DMPA- P25; c: 2wt% DMPA- P25; d:
3wt% DMPA- P25; e: 4wt% DMPA- P25; f: 5wt% DMPA- P25.
Compared with the experimental data plotted results (Figures 2.3, 2.4, and 2.5), the
developed kinetic model described the photocatalytic degradation reaction in a reasonable
manner, with the reaction rate constants k w ′s provided in Table 2.1. The polyurethane foams
with 0wt% loading have a similar trend and degradation rate as previously found with an
oxidation reaction in PBS solution with sodium azide[206].
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Table 2.1. Photodegradation rate of polyurethane foams as a function of TiO2 nanoparticle
loading (Temperature 65°C, irradiation 0.55w/m2).
Loading wt%

0

1

2

3

4

5

DMPA-TiO2(A)

k W %/d

1.7

2.1

2.2

3.8

2.7

2.6

TiO2(A)

k W %/d

1.5

1.7

1.9

1.9

2.4

2.2

DMPA-P25

k W %/d

1.5

2.4

2.0

2.2

2.2

1.7

3.3 Elucidation of Polyurethane Foam Photocatalytic Mechanism
A comparison of SEM images of 3% and 5% weight loading of DMPA-TiO2(A)/PU
composites is provided in Figure 2.6. The TiO2 nanoparticles in (b) clearly possess a larger size
than in (a), showing high agglomeration occurring at this higher loading, which helps explain the
weight loss results.

Figure 2.6. SEM images of DMPA-TiO2 (A) in PU foams: (a) 3% weight DMPA-TiO2(A)/PU
composites, ( b) 5% weight DMPA-TiO2(A)/PU composites.
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The photoactivity of P25 is well known to be higher than that of anatase TiO2[207] due to
the rutile TiO2 component contained in P25 which enhances electron transfer [208].

For this

enhancement of P25 in photoactivity, the rutile phase should to be in direct contact with the
anatase phase. When DMPA is chemically co-ordinated to the surface of P25, it is possible that
some separation of rutile and anatase phases occurs during the separation/purification process,
which leads to a reduction in electron transfer. To explore this possibility, the photoactivity of
these materials in methylene blue solution in water was examined (Figure 2.7). After the DMPA
functionalization, although the activity of P25 and TiO2(A) both decreased, the photoactivity of
DMPA-TiO2(A) is clearly higher than that of DMPA-P25, which helps corroborate the results
found in the foam degradation experiments.

Figure 2.7. The photoactivity of different TiO2 nanoparticles in 1ppm methylene blue solution
with light intensity of 0.635 W/m2. (a):Anatase TiO2; (b):DMPA-TiO2(A); (c):P25;
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(d):DMPA-P25.
From the BET surface area results after DMPA functionalization (Table 2.2), both surface
areas of TiO2 (A) and P25 decreased, which in part leads to the observed decrease in
photoactivity during the methylene blue testing (Figure 2.7). Moreover, the surface area of
DMPA- TiO2(A) is higher than that of DMPA-P25, which we attribute to the rutile phase of TiO2
tending to agglomerate more than that of the anatase phase of TiO2[209].

Table 2.2. Surface area of different types of TiO2.
Types of TiO2

BET Surface Area (m2/g)

Anatase TiO2

50.8 ± 0.17

DMPA-TiO2(A)

10.7 ± 0.03

P25

50.6 ± 0.14

DMPA-P25

6.7 ± 0.01

The surface morphology of the polyurethane foams both modified and unmodified with
DMPA-TiO2(A) nanoparticles, before and after photodegradation are compared in Figure 2.8.
Although both polyurethane foams have obvious cracks occurring after photodegradation, the
specimen without TiO2 has fewer cracks than the one containing TiO2 which is attributed to the
degradation process. TiO2 nanoparticles are clearly observed in the specimen containing TiO2 in
the crack cross section.
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Figure 2.8. SEM images of surface morphology of polyurethane foams. (a) unmodified
polyurethane foam before photo degradation; (b)unmodified polyurethane foam after photo
degradation; (c)polyurethane foam modified with 3wt%DMPA-TiO2(A) before photo
degradation; (d) polyurethane foam modified with 3wt%DMPA-TiO2(A) after photo degradation.

According to previous works[56, 90, 195], the photodegradation of polyurethane starts from
linkage loss of the urethane functional group (-NH-CO-) forming oxidant radicals. In the FTIR
spectrum of unmodified polyurethane foam (Figure 2.9 curve (a) and (b)), the N-C=O group
absorption at 1214 cm-1 has a reduction after degradation indicating the loss of the urethane bond.
At 1175 cm-1, a small absorption appears comparing to the spectrum before degradation,
indicating the formation of branched ether which is the degradation product. There is also an
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absorption reduction observed at 1515cm-1(C-N-H) and 1705cm-1(C=O) which confirms the loss
of the urethane sequence. Other functional groups have noticeable deductions at: C-H at 2948
and 2874 cm-1, aromatic ring at 1410 cm-1, and C-O-C at 1061 cm-1. However, the only
absorption which remains is the C-C at 1594 cm-1. The FTIR spectrum of polyurethane modified
with 3wt% DMPA-TiO2(A) (Figure 9 curve (c) and (d)) are similar. Their mechanism in group
loss by UV radiation is similar, although the degradation rate is higher due to the TiO2
photocatalytic activity. The C=O absorption at 1701cm-1 is lower and the formation of branched
ether at 1173cm-1 is higher, indicating a higher degradation rate.
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Figure 2.9. FTIR spectroscopy of polyurethane foams. (a): unmodified foams before
photodegradation; (b): unmodified foams after photodegradation; (c): foams modified with 3wt%
DMPA-TiO2(A) before photodegradation; (d): foams modified with 3wt% DMPA-TiO2(A) after
photodegradation.
In addition to FTIR, TGA was utilized to investigate the decomposition process. The TGA
spectroscopy results demonstrate weight differences of each component of PU before and after
photodegradation (Figure 2.10 A/B). There are commonly two steps in the thermal
decomposition of PU, i.e. 1) the decomposition of hard segment (isocyanate and urethane group),
and 2) decomposition of the soft segment (polyol component)[210].

In the spectrum of

unmodified PU (Figure 2.10 A curve (a) and (b)), three steps are observed which become more
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evident after photodegradation. Unreacted polyol in the PU matrix may lead to the third
degradation step increase from 590℃ to 700℃. Due to the photodegradation process leading to
the loss of urethane groups, more polyol segments are separated from the foam matrix which
leads to a more obvious third step. From the FTIR results (Figure 2.9), the photodegradation
mainly happens in the hard segment, which is evident from the first step in the TGA spectrum
decreasing. When the DMPA-TiO2(A) is chemically attached to the PU matrix after
polymerization, the unreacted polyols are connected to the matrix through the chain extender
DMPA. Therefore, only two steps were observed on Figure 2.10 B curve (a) and (b). The first
step is lower which is attributed to the photodegradation of the hard segment component while
the second step is lower but wider due to the cleavage of polyol segments.
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Figure 2.10. A) TGA of unmodified polyurethane foams. (a): foams before photodegradation;
(b): foams after photodegradation. B) TGA of polyurethane foams modified with 3wt%
DMPA-TiO2(A). (a): foams before photodegradation; (b): foams after photodegradation.

4. Conclusions
A "grafting-from" approach was successfully utilized to integrate DMPA-TiO2 nanoparticles
into polyurethane foam structure with good dispersion. The loading of DMPA-TiO2 nanoparticles
was shown to have little effect on the degradation mechanism, indicating that TiO2 nanoparticles
function primarily as a photocatalyst. By applying Langmuir-Hinshelwood kinetics, the
photodegradation of polyurethane foam appears to be a zero order reaction. Coordination of
DMPA to TiO2 gave DMPA-TiO2(A) nanoparticles that at 3wt%, were able to increase the
degradation rate of polyurethane foam by 120%. DMPA-P25 nanoparticles increased the
degradation rate about 66% over unmodified polyurethane foam at a loading of 1wt%. After
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functionalized with DMPA, anatase TiO2 becomes a better photocatalyst than P25 which is
attributed from a reduction of electron transfer due to anatase/rutile surface interaction
separation.
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Chapter 3. The Effect of Silica Thickness on Nano TiO2 Particles for
Functional Polyurethane Nanocomposites
Abstract:

In order to help reduce the agglomeration of TiO2 nanoparticles in polyurethane

coatings while enhancing their photoactivity and mechanical/physical properties, this work
examined encapsulating TiO2 nanoparticles in a thin layer of SiO2, prior to their nanocomposite
polymerization. By applying a Stöber process, varying thicknesses of SiO2 were successfully
coated onto the surface of anatase and rutile TiO2 nanoparticles. The methylene blue results
showed that different loadings of SiO2 onto the TiO2 surface significantly influenced their
photocatalytic activity. When the loading weight of SiO2 was lower than 3.25wt%, the
photocatalytic activity was enhanced, while with higher loadings, it gave lower photocatalytic
activity. When the rutile phase TiO2 surface was fully covered with SiO2, an enhanced
photocatalytic activity was observed. When these silica coated nanoparticles were applied in
polyurethane coatings, increasing the amount of SiO2 on the titania surface increased the
coatings contact angle from 75° to 87° for anatase phase and 70° to 78° for rutile phase. The
Young's Modulus was also increased from 1.06GPa to 2.77GMPa for anatase phase and 1.06GPa
to 2.17GPa for rutile phase, attributed to the silica layer giving better integration. The thermal
conductivity of the polyurethane coatings was also successfully decreased by encapsulating SiO2
on the titania surface for next generation high performance coatings.

Keywords: SiO2, TiO2, Nanoparticles, Polyurethane, Mechanical Properties
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1. Introduction
TiO2 nanoparticles are well-known photocatalysts whose activity depends primarily on their
crystal structure and specific surface area [27, 89, 211]. Anatase and rutile TiO2 are two different
forms of titanium dioxide[90], which have different roles when integrated into coatings. Anatase
TiO2 works as a photocatalyst and can be integrated into self-cleaning or antibacterial polymer
coatings[190, 212], while rutile TiO2 works as photosensitizer and is usually applied for UV
protection[213, 214]. However, TiO2 nanoparticles tend to agglomerate during their
photocatalytic process, reducing their activity [93-95]. Also, agglomeration will reduce the
specific surface area of TiO2 nanostructures, also affecting their photocatalytic efficiency[94].
This is particularly a challenge when integrating such nanoparticles into polymer coatings
[215-217]. Previously our group showed that using a functional monomer approach by directly
grafting functional groups such as DMPA onto the surface of nanoparticles, both an improved
photocatalytic effect and enhanced dispersion in monomer and solventwas provided, [198, 218]
enabling an improved photocatalytic behavior when integrated into polyurethane.
Previously, SiO2/TiO2-core/shell structures showed that SiO2 limited the agglomeration of
TiO2 particles, therefore optimizing their light scattering properties to produce highly efficient
dye-sensitized solar cells[158]. Moreover, a sol-gel process including the synthesis of TiO2 was
conducted in other studies showing that SiO2 could control the photocatalytic activity [160, 219,
220]. The aforementioned synthesized mixture of SiO2-TiO2 nanoparticles and SiO2-TiO2
core-shell nanostructures exhibited enhanced photoactivity whereas SiO2 showed none.
Moreover, using inorganic materials such as SiO2 coated TiO2 for reducing the decomposition
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effect of polymer substrates but still maintaining or even enhancing the catalytic property was
studied by Ren, Yuan, et al[159]. However, the agglomeration and photoactivity of TiO2 particles
coated with different thickness of SiO2 layers is unexplored when embedded into polyurethane
coatings, and it is unknown how this will affect the coatings physical and chemical properties.
In this study, we examine how SiO2 will affect both the rutile (TiO2(R)) and anatase
(TiO2(A)) forms of titanium dioxide when different thicknesses of SiO2 are coated onto the
surface of TiO2 nanoparticles and their subsequent effect when integrated into polyurethane
coatings. In addition, the thermal conductivity and surface hydrophobicity of the polyurethane
coatings embedded with these nanoparticles was studied in order to examine the effect of silica
on the coating properties.

2. Materials and Experiments
2.1 Materials. Alkyltrimethylammonium bromide (C16TAC) (Sigma Aldrich, >95%),
tetraethoxysilane (TEOS, 99.0%) (Sigma Aldrich), methanol (Caledon Laboratories, Ontario,
Canada), aqueous ammonia solution (28%)( Caledon Laboratories, Ontario, Canada), anatase
TiO2 (Sigma Aldrich, <25nm, 99.7%), rutile TiO2 (Sigma Aldrich, <100nm, 99.5%), poly
aspartic ester (Bayer MaterialScience), poly hexamethylene diisocyanate (Bayer
MaterialScience), isophorondiamine-isobutyraldimine (Bayer MaterialScience), methylene blue
(Caledon Laboratories, Ontario, Canada) were purchased and used as is.
2.2 Synthesis Procedure. Silica encapsulated TiO2 nanoparticles were prepared by using a
modified Stöber process [146, 148]. During this experiment, 1g of anatase or rutile TiO2 was
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dispersed in 50ml of methanol and was sonicated for 30 minutes (solution A). About 0.2g of
C16TAC, 17.7g of deionizer water and 7.2g of 28% aqueous ammonia solution were added in
100mL of methanol (solution B). The desired amount of TEOS (0.12ml, 0.24ml, 0.36ml, 0.48ml)
was added into solution B, the weight ratio of SiO2 to TiO2 were calculated to be 3.25:100,
6.50:100, 9.75:100, 13.0:100, respectively. Solution A was mixed with solution B with the
mixture stirred for 24 hours at room temperature. Then the mixture was centrifuged and washed
with methanol, and the final product was dried in a vacuum oven at 50°C for 48 hours.
The polyurethane coatings were prepared by mixing SiO2-TiO2, polyaspartic ester mixture and
poly hexamethylene diisocyanate at a ratio of 5:425:250 by weight. The polyaspartic ester
mixture was prepared by mixing poly aspartic ester and catalyst (isophorondiamineisobutyraldimine) at a ratio of 4:1 by weight. The SiO2-TiO2 nanoparticles were first physically
mixed with polyol and then dispersed in acetone, with the polyisocyanate mixed with polyol
solution. The resulting mixture was then cast onto Teflon petri dishes and cured in air at room
temperature. After the complete evaporation of acetone, a thin lay of coating was formed.
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Step 1. Synthesis of SiO2-TiO2 nanoparticles
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Scheme 3.1. Schematic diagram of the synthesis of SiO2-coated TiO2 nanoparticles and the
preparation of polyurethane/SiO2-TiO2 nanocomposites; (a) room temperature in methanol
solution; (b) room temperature with catalyst.
2.3 Characterization.

Photoactivity of polyurethane coatings was studied following a standard

method developed by the International Organization of Standardization (i.e. ISO/DIS 10678).
The photoactivity of the as-prepared SiO2-TiO2 particles were tested in 20ml 1ppm methylene
blue solution with 100mg of nanoparticles under UV irradiation in a light simulator (Luzchen
ICH1) with a light intensity of 0.635 w/m2. The methylene blue concentration was measured
after 5, 10, 15, 20, 30, 40, and 60 minutes of irradiation. To examine the production of hydroxyl
radicals during the photocatalytic reaction, the SiO2-TiO2 particles were mixed with a solution
containing 3×10-4M terephthalic acid and 2×10-3M sodium hydroxide [221] under the
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illumination of full light (1 Sun). Then the photoluminescense emission at 425 nm was observed
using an excitation wavelength of 315 nm[222]. Brunauer– Emmett–Teller (BET) surface area
data was obtained using a Micromeritics TriStar II 3020 instrument at 77 K. Prior to the N2
physisorption, the sample was degassed at 100 °C under vacuum for 5 hours. FTIR analysis was
performed using a Nicolet 6700 spectrometer in the range of 400-4000 cm-1 and was operated
using 32 scans at 4cm-1 resolution for each sample. The absorbance in the ultraviolet range and
band gap energy was tested and calculated through UV-Vis measurements which were conducted
using a Shimadzu UV-3600. Scanning Electron Microscopy (SEM) was performed on the
experimental nanoparticles using a Hitachi S-4500 field emission SEM. All samples were taken
at 10 kV at varying magnifications for different views. Energy Dispersive X-ray (EDX) was
taken using a LEO (Zeiss) 1540XB. Contact angles were measured using a PGX Measuring
Head at room temperature with 4μL distilled water. Young's modulus was taken follow ASTM
D882 method using an Instron 5943. Thermal conductivity was measured by a transient
temperature system based on the method from previous studies [223]. Thermo-gravimetric
analysis (TGA) was performed to measure the prepared xerogel nanofibers using a TA
Instruments® Q-series SDT Q600 analyzer. Thermogravimetric curves were measured in the
temperature range of 25-800℃ (heating rate: 20℃/min; under air) and analyzed using the TA
Instruments® Universal Analysis 2000 software.
3. Results and Discussions
3.1 SiO2 Encapsulated TiO2 (A,R) Synthesis
Silica encapsulated TiO2 nanoparticles were firstly prepared using a modified Stöber process
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in which TEOS was reacted with anatase or rutile TiO2 nanoparticles (see Scheme 3.1). Table 3.1
lists the calculated weight ratio of SiO2:TiO2 for the various synthesized samples and the average
resulting (Si:Ti) values as measured using EDX, which gave values similar to the stochiometric
ratio. The SEM images show (see Figure 3.1 and 3.2), that when using anatase TiO2 (diameter =
25 nm, surface area = 49.3 m2/g), increasing the loading of TEOS did not significantly increase
the resulting particle size, although the SiO2 layer is evident on the surface of anatase TiO2.
When using rutile TiO2 (diameter = 100 nm, surface area =2.26 m2/g), as the loading of TEOS
was increased, the thickness of the silica layer on the TiO2 surface also increased from 15nm,
29nm, 41nm, to 58nm respectively (see Support information 3.2). When the weight ratio of
SiO2:TiO2 was beyond 9.75:100, the excess TEOS began to form individual SiO2 nanoparticles,
which are observed as small round particles in the electron micrographs. Also from the EDX
analysis (Table 3.1), the weight ratio of SiO2 to TiO2 is quite close to that based on the
stochiometric weight ratio indicating quantitative reaction.
Table 3.1. Calculated and EDX measured SiO2:TiO2 weight ratio
SiO2:TiO2
Stoichiometric Ratio
Average EDX ratio
Sample Name

Anatase TiO2
3.25:100

6.50:100

13.0:100

2.32±0.11:100 6.22±0.15:100 8.14±0.23:100 12.1±0.08:100
A1

A2

SiO2:TiO2
Stoichiometric Ratio

9.75:100

A3

A4

9.75:100

13.0:100

Rutile TiO2
3.25:100

6.50:100
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Average EDX ratio

2.14±0.05:100 5.90±0.17:100 7.25±0.14:100 10.6±0.35:100

Sample Name

R1

R2

R3

R4

Dynamic light scattering (DLS) was used to determine the effect of SiO2 encapsulation on
anatase TiO2 agglomeration. As Table 3.2 shows, the anatase TiO2 nanoparticles have the largest
size due to agglomeration. With the SiO2 coated onto the titania surface, the particle size was
reduced with increasing of SiO2 content, indicating a lowered agglomeration effect. This SiO2
limiting agglomeration effect has also been confirmed by other studies [224, 225]. After a
utilized ratio of 9.75:100, the size starts to increase which might be due to some of the
nanoparticles forming clusters during the encapsulation reaction, leading to the observed
experimental results. When the SiO2 encapsulated TiO2 nanoparticles were integrated into
polyurethane nanocomposites as shown in scheme 3.1, the nanoparticles with less agglomeration
gave smaller particle size (Figure 3.3), indicating better distribution and less agglomeration in
the polyurethane nanocomposites.
Table 3.2. The size of SiO2-TiO2 (A) nanoparticles obtained from DLS in H2O.
Sample:

A0

A1

A2

A3

A4

Size (d. nm)

365

294

266

281

312

48

Figure 3.1. SEM images of surface morphology of SiO2-TiO2(A) nanoparticles. a: A0 (before
SiO2 encapsulation). b: A1. c: A2. d: A3. e: A4.

49

Figure 3.2. SEM images of surface morphology of SiO2-TiO2(R) nanoparticles. a: R0 (before
SiO2 encapsulation). b: R1. c: R2. d: R3. e: R4.
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Figure 3.3. SEM image of nanoparticle distribution in polyurethane nanocomposites. a: A0; b:
A1; c: A2.

For the FTIR spectra of the silica/titania NPs (Figure 3.4), when increasing the silica ratio
from 3.25 to 13.0 %, a significant peak appears at 1060 cm-1 which increased with increasing
silica content and is attributed to the stretching of the Si-O bond [156]. The peaks at 954 cm-1
and 962 cm-1 indicate the formation of Ti-O-Si according to previous studies [156]. Additional
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loading of TEOS leads to higher SiO2:TiO2 ratios, as observed by the height of the significant
peaks increasing, indicating higher SiO2 concentrations depositing onto the surface of the TiO2
nanoparticles.
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Figure 3.4. FTIR spectra of SiO2-TiO2 nanoparticles. Anatse TiO2 (a: SiO2. b: A0. c: A1. d: A2. e:
A3. f: A4.) Rutile TiO2 (g: SiO2. h: R0. i: R1. j: R2. k: R3. l: R4.)

The FTIR spectra of polyurethane nanocomposites shown in Figure 3.5, shows no stretching
of the isocyanate group NCO peak 2260 cm-1 on the nanocomposites which appears on poly
(hexamethylene diisocyanate), indicating complete reaction [226], while the absorbance at 1685
cm-1 is the urea –C=O vibration, and the absorbance at 1724cm-1 is the urethane –C=O vibration.
Both of these spectra indicate no polyisocyanate residue and complete formation of polyurethane
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structure.
1685

polyol - polyiso - A.esp

1450

1367
1180
1027

1532
2921

c

2854

3342

b

a
3600

3400

3200

3000

2800

2600

2400

2200

2000

1800

1600

1400

1200

1000

-1

Wavenumber (cm )

Figure 3.5. FTIR spectra of PU nanocomposite. (a) poly aspartic ester; (b) poly hexamethylene
diisocyanate; (c) PU with 15mg A1(2.25 wt% in PU).

3.2 Photoactivity of SiO2-TiO2 NP and PU Nanocomposite

Photoactivity of the SiO2-TiO2 NPs (before integration into PU coatings) was measured
using methylene blue degradation in water at room temperature according to ISO/DIS10678
(Figure 3.6). With a ratio of SiO2:TiO2 < 3.25:100, the photocatalytic activity is higher than from
the virgin anatase form of TiO2. This is attributed to the coated SiO2 on the surface decreasing
the agglomeration of TiO2 and enhancing the photocatalytic effect. N.B. the amount of SiO2 in
this sample is insufficient to cover the entire surface of anatase TiO2 (theoretically, assuming the
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SiO2 layers on the surface are thick enough to be considered as bulk material, with SiO2:TiO2
weight ratio of 3.25:100 and anatase form of TiO2 surface area to be about 50 m2/g, the average
thickness of silica layers will be 0.25 nm. Assuming spherical structure, the average thickness of
silica layers can be calculated to be 0.48 nm. In the amorphous SiO2 structure, the distance
between Si atoms is 0.31nm while the diameter of an individual Si atom is 0.27nm [227].) With a
higher SiO2:TiO2 weight ratio utilized, there was sufficient SiO2 to cover the surface. The
reduced photoactivity is attributed to SiO2 blocking the electron hole-pairs contacting the
aqueous solution [228], which leads to higher photocatalytic activity than the blank. Similarly,
the SiO2 coated rutile form of TiO2 (Figure 3.7) is also affected by the SiO2 ratio. Since the
thickness of SiO2 layers on the surface of rutile form of TiO2 ranged from 15nm to 58nm, not
only will some blocking of UV radiation occur, also the electron hole-pairs will be blocked from
contacting the aqueous solution. The photosensitizing effect of rutile TiO2 is disabled and these
SiO2-TiO2 nanoparticles no longer protect the methylene blue degradation from UV light. In
contrast, due to the diffraction effect of coated SiO2 [159], more of the UV light was diffracted
and make contact with the methylene blue. Therefore, the degradation of methylene blue is
observed to be accelerated.
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Figure 3.6. The photoactivity of SiO2-TiO2(A) nanoparticles varying SiO2 content (wt. %)
(1ppm methylene blue solution with light intensity of 0.635 W/m2). a: blank (no TiO2), b: 0. c:
0.81. d: 1.62. e: 3.25. f: 6.50. g: 9.75. h: 13.0.
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Figure 3.7. The photoactivity of SiO2-TiO2(R) nanoparticles varying SiO2 content (wt. %)
(1ppm methylene blue solution with light intensity of 0.635 W/m2). a: blank (no TiO2), b: 0. c:
3.25. d: 6.50. e: 9.75. f: 13.0.

The experimental SiO2-TiO2(A) nanoparticles were examined in polyurethane coatings and
their subsequent physical/mechanical properties measured. As the photoactivity of SiO2
encapsulated rutile form TiO2 was not influenced by the SiO2 weight ratio (data not shown), the
photoactivity of polyurethane coatings was only examined with the anatase form of SiO2-TiO2
(Figure 3.8). Corresponding to the photoactivity property of the examined nanoparticles, the
polyurethane coatings embedded with anatase SiO2-TiO2 nanoparticles exhibit the same
photocatalytic activity trend. The coatings embedded with higher photocatalytic activity
nanoparticles A3 showed the highest photoactivity. Moreover, with increasing loading of A3
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nanoparticles into the coatings, the photoactivity of polyurethane coatings also increased.
Comparing with a previous study regarding polyurethane/TiO2 hybrid films, when using higher
photocatalytic activity nanoparticles such as anatase TiO2, the coatings provided higher
photocatalytic ability [229].

Figure 3.8. The photoactivity of polyurethane coatings in 1ppm methylene blue solution with
light intensity of 0.635 W/m2 after 30 mins. a: polyurethane coating. b: polyurethane coating with
5mg (0.75 wt%) A1. c: polyurethane coating with 10mg (1.50 wt%) A1. d: polyurethane coating
with 15mg (2.25 wt%) A1. e: polyurethane coating with 5mg (0.75 wt%) A2. f: polyurethane
coating with 10mg (1.50 wt%) A2. g: polyurethane coating with 15mg (2.25 wt%) A2.
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3.3 Further investigation of photocatalytic activity
In order to better understand the effect of SiO2 on the photoactivity of the anatase form of
SiO2 to TiO2(A) nanoparticles, UV-Vis spectra were examined (Figure 3.9). With the SiO2:TiO2
weight ratio equal to 3.25:100, the A3 sample has a higher UV absorbance than the unmodified
anatase form of TiO2 due to the decrease of agglomeration (as observed by DLS). When the
SiO2:TiO2 weight ratio was increased to 6.50:100, most of the surface of TiO2 is covered by SiO2
and few electron-hole pairs are able to contact with the aqueous solution, leading to the observed
decreasing of photocatalytic activity. Moreover, with almost all the TiO2 surface is covered, the
agglomeration effect became lowest which was confirmed in Table 3.2. Meanwhile, without the
blockage of UV light due to the thin layer, the nanoparticle A2 shows the highest UV absorbance.
With higher SiO2:TiO2 weight ratios, the thickness of the SiO2 layer became higher. This thicker
layer led to some of the UV radiation being diffracted [159], leading to the observed lower UV
absorbance and resulting in a lower observed photocatalytic activity. Other studies have also
shown that a thicker SiO2 layer lowers the photocatalytic activity, which is similar to the results
found in this study [159, 228].

58

Figure 3.9. UV-Vis spectra of varying SiO2 (wt. %) coated TiO2 (A). a: 0. b: 3.25. c: 6.50. d: 9.75.
e: 13.0.
The photoluminescence emission spectra were further studied to examine the formation of
hydroxyl radicals during the photochemical reactions to provide insight into the photocatalytic
mechanism [132]. Figure 3.10 and 3.11 demonstrate the formation of hydroxyl radicals using the
experimental SiO2 coated TiO2 photocatalysts with terephthalic acid as the fluorescent probe.
The highly fluorescent product 2-hydroxyterephthalic acid is formed when terephthalic acid and
hydroxyl radicals react. Without the presence of photocatalyst, no peak was observed indicating
no hydroxyl radicals were formed [132]. With the photocatalysts containing TiO2 (A), a peak at
425nm was observed indicating the formation of hydroxyl radicals [132]. The increased emission
count from the prepared photocatalysts corresponds to the enhanced photocatalytic testing results.
However, the emission counts difference is rather low as the photodegradation data between
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sample A0 and A3, which is because of the terephthalic acid being photodegradable and has a
higher degradation rate in the presence of higher photoactivity catalyst which is A3 compared to
A0 [230]. This can be confirmed by the spectra of catalysts with rutile form TiO2 (SI 3.6).
During illumination, the rutile TiO2 produce hydroxyl radicals without performing degradation
reaction, which generally observed as photoprotection behavior, leading to the highest counts
compared to all other photocatalysts containing anatase TiO2. When the SiO2-TiO2 nanoparticles
were embeded into the polyurethane coatings, the photoluminisence results of these coatings
show a similar trend to the nanoparticles themselves (Figure 3.11), which was confirmed by the
methylene blue decomposition data.
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Figure 3.10. Photoluminescence spectra of SiO2-TiO2(A) nanoparticles varying SiO2 content
(wt. %) (basic solution under full light illumination of 1 sun for 10 min). a: blank. b: 0. c: 3.25. d:
6.50. e: 9.75. f: 13.0.

Figure 3.11. Photoluminescence spectra of polyurethane /SiO2-TiO2(A) nanocomposites varying
nanoparticles (basic solution under full light illumination of 1 sun for 10 min). a: blank. b: A0. c:
A1. d: A2. e: A3. f: A4.

3.4 Physical and Mechanical Properties of SiO2-TiO2 polyurethane coatings
The hydrophobicity of SiO2-TiO2 nanoparticles embedded into the polyurethane coatings
was studied in order to better understand how the NPS are dispersed into the PU matrix. The
contact angle was examined both before and after 10 min of 0.04W/cm2 UV light irradiation at
365nm wavelength. Before UV irradiation, the polyurethane blank sample is the most
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hydrophobic (Figure 3.12 A and B) compared to the other experimental coatings. This is
attributed to the additional hydroxyl groups introduced by silica on the titania NP surface as
confirmed by FTIR (see SI 3.5). These hydrophilic nanoparticles being hydrophilic will have a
tendency to phase separate to the surface. As previously shown, anatase TiO2 is more hydrophilic
than rutile TiO2 [231], which is because in the anatase TiO2 structure, H2O molecules tend to
coordinate to Ti4+ rather than H-bond to titanol (Ti-OH) [231]. The contact angle of polyurethane
samples with anatase TiO2 was lower than those with rutile TiO2, confirming this effect was
maintained when the nanoparticles were integrated into the polyurethane structure. When SiO2
was coated onto the surface of anatase TiO2, the strong coordination of H2O and coordinatively
unsaturated Ti4+ are decreased and the coating becomes more hydrophobic. However, when SiO2
was coated onto the surface of rutile TiO2, the contact angle first drops then increases, which is
attributed to the additional hydroxyl groups on the surface of SiO2. After UV irradiation, the
contact angles of all samples decreases due to the formation of oxides during the UV degradation
of the PU. As the anatase TiO2 is working as photocatalyst, the contact angle decreases more
significantly than that of rutile TiO2, which is contributed from the formation of oxides [232].
Compared with polyurethane coatings with no nanoparticles, the embedded nanoparticles
maintained the hydrophobicity of the polyurethane film after UV irradiation. Moreover, with an
increased loading of nanoparticles in the coatings, the contact angle increased both before and
after the UV irradiation (Figure 3.12 C, D).
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Figure 3.12. Comparison of contact angle of polyurethane coatings embedded with different
SiO2-TiO2 nanoparticles before (A) and after (B) 10 min UV irradiation. Anatse TiO2 (a: blank. b:
A0. c: A1. d: A2. e: A3. f: A4.) Rutile TiO2 (g: R0. h: R1. i: R2. j: R3. k: R4.) Comparison of
contact angle of polyurethane coatings embedded with varying loadings of A2 before (C) and
after (D) 10 min UV irradiation. a: 5mg (0.75 wt%). b: 10mg (1.50wt%). c: 15mg (2.25wt%).

In order to examine the mechanical strength of the prepared composites for potential
applications in coatings, ASTM D882 method was used. The results (Figure 3.13) indicate that
by adding anatase TiO2 or rutile TiO2, the Young's Modulus is initially lower than that of the PU
raw coating. This is attributed to the anatase TiO2 or rutile TiO2 decreasing the adhesion between
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the nanofillers and the polyurethane matrix as previously described[233]. Since the rutile TiO2
tends to agglomerate more than anatase TiO2, the weakened effect appears to be more obvious.
However, with an increasing amount of SiO2 introduced into the system, the chemical linkage
between silica and the PU polymer becomes stronger, leading to a higher Young's Modulus [234].
Meanwhile, with increased loading of nanoparticles into the coatings, due to the additional
chemical linkage between the nanoparticles and polymer matrix, the Young's Modulus was found
to subsequently increase (Table 3.3).

Figure 3.13. The comparison of Young's Modulus of polyurethane films with varying (A)
SiO2-TiO2 (A) nanoparticles. a: blank. b: A0. c: A1. d: A2. e: A3. f: A4. (B) SiO2-TiO2 (R)
nanoparticles. a: blank. b: R0. c: R1. d: R2. e: R3. f: R4.
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Table 3.3. The comparison of Young's Modulus of polyurethane films with varying loadings of
A2.
Varying loading A2

0.75 wt%

1.50 wt%

2.25 wt%

Young's Modulus / MPa

1710±30

1870±42

2220±33

3.5 Thermal behavior of SiO2-TiO2 polyurethane coatings
As previous work with SiO2 encapsulated quantum dots showed, SiO2 encapsulation can
influence thermal conductivity and vary with the amount of SiO2 integrated into the polymer
system[235]. The thermal conductivity of polymer films can be measured according to Hoosung
Lee's work[236]. The thermal conductivity results (Figure 3.14) show that integrating TiO2 based
nanoparticles into the polyurethane matrix generally increases the thermal conductivity due to
increase heat transfer through the solid nanoparticles[154]. However, due to the size of the
anatase TiO2 nanoparticles being smaller than that of rutile TiO2 nanoparticles, the polyurethane
coatings possess higher thermal conductivity because of their smaller size[237]. Moreover, the
SiO2 will significantly decrease the thermal conductivity with an increasing amount on the
surface of TiO2, which has the same result with previous studies about doping TiO2 into
silica[238]. These results by varying the SiO2 layer thickness on the titania surface likely provide
increased void space and increased porosity in the polyurethane coatings[154]. Moreover, when
the SiO2:TiO2 ratio was beyond the 13.0:100, the thermal conductivity of polyurethane coatings
is even lower than the polyurethane raw materials. In addition, after 10 min of 0.04W/cm2 UV
light irradiation at 365nm wavelength, the thermal conductivity stays the same.
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Figure 3.14. The thermal conductivity of polyurethane films with varying (A) Anatase based
nanoparticles. a: blank. b: A0. c: A1. d: A2. e: A3. f: A4. (B) Rutile based nanoparticles. a: blank
PU. b: R0. c: R1. d: R2. e: R3. f: R4.
5% weight loss is a general method for determining the thermal stability of polymer [239,
240]. In this study, the thermal stability of polyurethane nanocomposites were determined via 5%
weight loss measured by TGA. With more of the SiO2 coated onto the surface, the polyurethane
nanocomposites become more thermal stable until a certain point, then with more SiO2 on the
surface, the polyurethane nanocomposites become less thermal stable. These changes are mainly
attributed to both the nanoparticle structure and how they are integrated into the polymer
composite. With less SiO2 coated on the surface, the structure of SiO2 layers tend to be more
close to the core TiO2 crystal structure and be more stable with less heat transfer. Then with more
SiO2 coated onto the surface, the structure of SiO2 layers tend to form more amorphous structure
which would be less stable with more heat transfer.
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Table 3.4. The temperature of 5% weight loss of polyurethane/SiO2-TiO2 nanocomposite
coatings under air.
Sample

PU

PU/A0

PU/A1

PU/A2

PU/A3

PU/A4

234.1

235.3

246.0

242.2

233.5

220.3

PU

PU/R0

PU/R1

PU/R2

PU/R3

PU/R4

234.1

234.9

240.1

252.0

238.8

221.1

Temperature
/℃
Sample
Temperature
/℃

4. Conclusions
SiO2 was successfully coated onto the surface of anatase and rutile TiO2 by using a modified
Stöber process. With different loadings of SiO2 on the surface of TiO2, the photoactivity of
anatase form and rutile form TiO2 could be modified to control both photoactivity and
photosensitivity. With a loading weight of SiO2 < 3.25 wt%, the photocatalytic activity of anatase
TiO2 was enhanced with a reduction of agglomeration, while the rutile form TiO2 was tuned to be
photocatalytic due to light diffraction from the full coverage of SiO2 on the surface. For loadings
beyond 3.25wt%, the photocatalytic activity of anatase TiO2 decreases and rutile TiO2 stays the
same. When applied in polyurethane coatings, with an increasing amount of SiO2 on the surface,
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the contact angle was increased from 75° to 87° for anatase form and 70° to 78° for rutile form.
The Young's Modulus was also increased from 1.06GPa to 2.77GPa for anatase form and
1060MPa to 2170MPa for rutile form. The thermal insulation property of polyurethane coatings
is successfully enhanced by encapsulating SiO2 on the surface of TiO2 with the thermal
conductivity from 0.15 to 0.042 W·m-1K-1 for anatase form and 0.069 to 0.037 W·m-1K-1 for
rutile form.
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Chapter 4. SiO2 Encapsulated TiO2 nanotubes and nanofibers for
Self-Cleaning Polyurethane Coatings

Abstract: TiO2 nanofibers and nanotubes are of great interest due to their high specific areas,
defined dimensions and enhanced photocatalytic activity. In order to prevent the aging from
weakening the mechanical strength of polymer coatings with self-cleaning ability, in this work,
the effect of thin layers of SiO2 deposited onto the surface of titania nanostructures, both before
and after integration into polyurethane nanocomposites, is investigated. TiO2 nanofibers were
synthesized via an environmental friendly supercritical CO2 method and the TiO2 nanotubes were
synthesized by a conventional hydrothermal reaction. SiO2 was added using a modified Stöber
approach. The results showed that with more SiO2 coated onto the nanofibers’ surface, the
photocatalytic activity, UV absorbance, and hydroxyl radical formation decreased due to the
shielding effect of the SiO2 layers. Polyurethane coatings integrating these nanofibers and
nanotubes exhibited similar photoactivity trends as the individual nanostructures. Moreover, the
mechanical strength of the composites was enhanced and protected from aging under UV light.
The hydrophobicity of coatings was prevented from changing under UV irradiation by addition
of these silica encapsulated 1D titania structures.

Keywords: SiO2, TiO2, Nanofiber, Nanotube, Polyurethane
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1. Introduction
Nanotubes and nanofibers are one-dimensional (1D) nanostructures which provide high
specific surface areas and high mechanical strength[96, 101]. They have helped inspire the
nanotechnology field and trigged many efforts in the field of physical, chemistry, and material
science. Carbon is still the most common material in preparing 1D geometry nanomaterials[241,
242]. However, other materials such as transition metal oxides have been synthesized in 1D
geometry[243, 244]. In recent years, 1D nanostructures based on TiO2 have attracted much
attention due to their often enhanced photocatalytic properties in specific crystal structures, i.e.
anatase and rutile[102-104]. Shape-controlled synthesis is a method developed recently to
enhance the catalytic effect of TiO2 nanostructures[98]. Synthesizing TiO2 nanotubes or
nanofibers instead of TiO2 nanoparticles is a promising method similar to shape-control to alter
the photocatalytic activity [96, 97].
Generally, there are three common methods to synthesize TiO2 nanotubes, i.e. template
preparation[117, 118], anodic oxidation[119], and chemical processing[120]. In the template
preparation method, the size and morphology of nanotubes are mainly dependent on the
template, which are hard to maintain their shape when separated from the template. Anodic
oxidation is able to synthesize nanotubes with similar sizes but relatively larger diameters-with
smaller diameters being of more scientific interest. Chemical processing such as hydrothermal is
the classic method for preparing nanotubes with the smallest size, with the hydrothermal
conditions controlling the mesoporous structure of nanotubes[121].
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TiO2 nanofibers are commonly prepared via hydrothermal method[122], electrospinning[123,
124], and the sol-gel method[97, 125]. Using supercritical CO2 as an environmentally functional
solvent, our group has demonstrated the synthesis of TiO2 nanofibers[97]. Supercritical CO2 has
attracted considerable attention recent years due to its lack of solvent residue, inexpensive
nature, nontoxic, and negligible surface tension, which makes it an ideal for nanomaterial
synthesis [97, 126, 127].
Titania can be modified by doping with various elements including N, C, Fe [128-130],
and depositing with other metal oxides [131-133]. However, there is a lack of investigation of
SiO2's effect on nanotubes and nanofibers. In our previous study, SiO2 was successfully coated
onto the surface of TiO2 nanoparticles, reducing their agglomeration while enhancing their
photocatalytic activity. Due to their high photocatalytic activity under UV light, TiO2 is ideal for
preparing self-cleaning coatings with polymer especially polyurethane [198, 245, 246]. In this
study, TiO2 nanofibers and nanotubes will be encapsulated with SiO2 via the Stöber process [146,
148]. The self-cleaning property of the prepared nanostructures integrated polyurethane coatings
and the effect of SiO2 layers on these coatings is investigated while measuring the composites
physical and mechanical properties.

2. Materials and Experiments
2.1 Materials. Alkyltrimethylammonium bromide (C16TAC) (Sigma Aldrich, ≧95%),
tetraethoxysilane (TEOS) (Sigma Aldrich), methanol (Caledon, Ontario, Canada), 28% aqueous
ammonia solution (Caledon, Ontario, Canada), anatase TiO2 (Sigma Aldrich, <25nm, 99.7%),
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sodium hydroxide (ACP, 97%), titanium isopropoxide (Sigma Aldrich, 97%), acetic acid
(Caledon, Ontario, Canada, 99.7%), poly aspartic ester (Bayer MaterialScience), poly
hexamethylene diisocyanate (Bayer MaterialScience), isophorondiamine - isobutyraldimine
(Bayer MaterialScience), methylene blue (Caledon, Ontario, Canada).
2.2 Synthesis Procedure. The synthesis of TiO2 nanotubes followed the classic hydrothermal
reaction[247]. 10 g of anatase TiO2 was sonicated dispersed in a 250 mL round bottom flask
containing 100 mL of 10M NaOH solution. The solution was then stirred at 110°C in an oil bath
for 20 h. After that, the product was washed repeatedly with distilled water and 0.1M HCl
solution until the pH reached 7. The final product was then calcined at 200°C for 2h.
Synthesis of TiO2 nanofibers were preparing in supercritical CO2 as previously reported [97].
10.6g Titanium isopropoxide and 8.13 mL Acetic Acid (TIP to acetic acid molar ratio 1.5:6.1)
were mixed into the 25 mL autoclave reactor. The reaction was performed at 60°C at 6000psi
with continuous stirring for 3 h. Then the product was aged for 3 days followed by 3 days of
washing with 0.5 mL/min CO2. The final product was then calcined at 400°C for 1 hour.
SiO2 encapsulated TiO2 nanostructures were performed using the classic Stöber process[146].
During this experiment, 0.1 g of TiO2 nanotubes or nanofibers were dispersed in 5 mL of
methanol solution and sonicated for 30 minutes to form Solution A. Then in 10 mL of methanol
solution, 0.02g of C16TAC surfactant, 1.8g of deionized water, 0.7g of 28% aqueous ammonia
solution were mixed to form solution B. After that, different amounts (20mg, 40mg, 60mg) of
TEOS was added to solution B, and therefore the weight ratio of SiO2 and TiO2 were 5.40:100,
10.8:100, and 16.2:100 respectively. Finally, solution A was poured into solution B, followed by
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continuous stirring for 24 h. The product was centrifuged and then washed with methanol
repeatedly, and dried in a vacuum oven at 50℃ for 48 h. The polyurethane coatings were then
made with the weight ratio of SiO2-TiO2: polyol mixture (with weight ratio of poly aspartic ester
: isophorondiamine - isobutyraldimine equal to 4 : 1) : poly hexamethylene diisocyanate equal to
5 : 425 : 250. The SiO2-TiO2 nanoparticles were first physically mixed with polyol mixture and
then dispersed in acetone solution, then poly hexamethylene diisocyanate was mixed with the
solution and cured in Teflon plates. After complete evaporation of the acetone solution, thin
layers of coating were formed.
Step 1. Synthesis of SiO2-TiO2 nanostructures
SiO2
HO

a
Si(OC2H5)4 + H2O +

TiO2 nanofiber/nanotube HO

HO

TiO2 nanofiber/nanotube
+ C2H5OH

O

OH

C
HN

Step 2. Synthesis of PU/SiO2-TiO2 nanocomposites
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R1, R2, R3, R4 are the same or different and represent an alkyl group having at least two carbon atoms.
X:
,

,

Scheme 4.1. Schematic diagram of the synthesis of SiO2-coated TiO2 nanostructures and the
preparation of polyurethane/SiO2-TiO2 nanocomposites. (a) room temperature in methanol
solution; (b) room temperature with catalyst.
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2.3 Characterization. Photoactivity of polyurethane coatings were measured following a standard
method developed by the International Organization of Standardization (i.e. ISO/DIS 10678).
The photoactivity of the as-prepared SiO2-TiO2 nanostructures were tested in 20 mL 1ppm
methylene blue solution with 10mg of catalyst in a light simulator (Luzchen ICH1) for 0.635
w/m2 UV irradiation. The methylene blue concentration was measured after 5, 10, 15, 20, 25, and
30 minutes of irradiation. To examine the radicals formation during the photocatalytic reaction,
10mg SiO2-TiO2 nanostructures were mixed with 20 mL solution containing 3×10-4M
terephthalic acid and 2×10-3M sodium hydroxide [221] under the illumination of full light (1
Sun). Then the photoluminescence emission at 425 nm excited with 315 nm was observed [222].
Brunauer–Emmett–Teller (BET) surface area analysis was performed by a Micromeritics TriStar
II 3020 instrument at 77 K. Prior to the N2 physisorption, the sample was degassed at 100℃
under vacuum for 5 h. FTIR spectra were obtained using a Nicolet 6700 spectrometer in the
range of 400-4000cm-1 and was operated using 32 scans at 4cm-1 resolution for each sample.
The absorbance in the Ultraviolet range and band gap energy was tested and calculated through
UV-Vis measurements which were conducted using a Shimadzu UV-3600. Scanning Electron
Microscopy (SEM) was performed on the experimental nanoparticles using a Hitachi S-4500
field emission SEM. All samples were taken at 10 kV at varying magnifications for different
views. Energy Dispersive X-ray (EDX) was taken using a LEO (Zeiss) 1540XB. Contact angles
were measured using a PGX Measuring Head. Young's modulus was taken follow ASTM D882
method using an Instron 5943.
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3. Results and Discussions
3.1 SiO2 Encapsulation of TiO2 nanofibers and nanotubes
In order to determine the morphology change after the SiO2 encapsulation on the surface
of TiO2 nanofibers and nanotubes, SEM imaging was performed. Through Figures 4.1 and 4.2,
there are significant SiO2 layers appearing on the surface of TiO2 nanofibers while they are not
so significant on the surface of TiO2 nanotubes, attributed to the relevantly high surface area of
nanotube comparing with nanofiber (BET analysis revealing that the surface area of TiO2
nanofiber is 85.8 m2/g while the surface area of TiO2 nanotube is 358 m2/g). With the increasing
loading of TEOS, the SiO2 on surface become more and more obvious, and with the highest
loading amount, nanotubes are observed to be covered by SiO2. Also from the EDX analysis
(Table 4.1), the ratio of SiO2 to TiO2 which calculated from the EDX data is quite close to what
we introduced based on the stochiometric ratio.
Table 4.1. SiO2:TiO2 weight ratio stoichiometric and calculated through EDX data.
Type of Material

TiO2 nanofiber

Stoichiometric Ratio

5.40:100

10.8:100

16.2:100

EDX Ratio

5.36:100

10.7:100

14.1:100

Sample name

F1

F2

F3

Type of Material

TiO2 nanotube

Stoichiometric Ratio

5.40:100

10.8:100

16.2:100

EDX Ratio

4.81:100

10.5:100

16.1:100
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Sample name

T1

T2

T3

Figure 4.1. SEM images of surface morphology of SiO2-TiO2 nanofibers. (a) F0 (TiO2
nanofiber); (b) F1; (c) F2; (d) F3.

Figure 4.2. SEM images of surface morphology of SiO2-TiO2 nanotubes. (a) T0 (TiO2 nanotube);
(b) T1; (c) T2; (d) T3.
From the FTIR spectra (Fig. 4.3), the absorbance at 1058 cm-1 from the SiO2 spectra is
the significant peak of stretching bond Si-O [156]. There is a significant peak appearing in the
spectrum of SiO2-TiO2 at 1062 cm-1 for TiO2 nanofibers and at 1041 cm-1 for the TiO2 nanotubes.
With increasing loading of TEOS, the height of this peak increased indicating increased SiO2
coating onto the surface of TiO2. The significant peaks at 953 cm-1 for TiO2 nanofibers and 918
cm-1 for TiO2 nanotubes suggested that on the surface of TiO2, there is chemical bonding
between SiO2 and TiO2 which appears to be Ti-O-Si [156]. With more loading of TEOS on the
surface, leading to higher SiO2:TiO2 ratio's (Table 4.1), the height of the significant peak is
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increasing, indicating more SiO2 depositing on the surface of TiO2.

Figure 4.3. FTIR spectra of SiO2-TiO2 nanofiber & nanotube. (a) SiO2; (b) F0; (c) F1; (d) F2; (e)
F3; (f) SiO2; (g) T0; (h) T1; (i) T2; (j) T3.
Through the XRD images (Figure 4.4a), peaks from both the anatase and the rutile phases
were observed in the TiO2 nanofiber. However, the peaks related to anatase phase are much
higher than that of rutile phase due to the utilized calcination temperature of 400°C we
performed, since at 400°C TiO2 tends to form anatase structure. Previous study shows that with
calcinations temperature higher than 380 °C, TiO2 nanofiber will form anatase structure [97],
enhancing photocatalytic activity. From Figure 4.4b, several significant peaks of TiO2 nanotubes
are confirmed to be the same as previous studies[248], which complied with the trititanate
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nanotube model, Na2Ti3O7 or H2Ti3O7. Since the nanotubes were washed with 0.1M HCl
solution and Na+ was replaced with H+, the basic structure of nanotube would be H2Ti3O7. As the
SiO2 percent is fairly small compared with TiO2, individual peaks amorphous SiO2 which
indicated in Figure 4.4c are not observed from XRD patterns of SiO2-TiO2 nanofibers and
nanotubes.

Figure 4.4. XRD patterns of (a) TiO2 nanofibers; (b) TiO2 nanotubes; (c) SiO2.
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When the SiO2 encapsulated titania nanostructures were reacted with monomer to form
the polymer coatings as shown in Scheme 4.1, the coatings were also examined by FTIR.
According to the FTIR spectra of polyurethane nanocomposites shown in Figure 4.5, there is no
stretching of isocyanate group NCO peak at 2270 cm-1 [226] which appears on poly
hexamethylene diisocyanate (4.5b). This indicates complete reaction of the isocyanate
component. In addition, the absorbance at 1686cm-1 is the urea –C=O vibration, which indicates
no polyisocyanate residue and a complete formation of polyurethane structure using the
described reaction conditions. Figure 4.6 demonstrates the distribution of nanoparticles in
polyurethane matrix using SEM microscopy. It clearly shows that with the SiO2 coated onto the
surface, the nanoparticles are distributed better throughout the polyurethane matrix. We attribute
this to both enhanced compatibility between SiO2 and the polyurethane matrix and to chemical
bonding between the silica shell and the polyurethane as shown in Scheme 4.1.
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Figure 4.5. FTIR spectra of (a) poly aspartic ester; (b) poly hexamethylene diisocyanate; (c)
polyurethane with 15 mg F1.

Figure 4.6. SEM images of PU nanocomposites with different nanoparticles. (a) F0; (b) F2.
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3.2 Photocatalytic activity of SiO2-TiO2 nanostructures and polyurethane nanocomposites
With the SiO2 coated onto the 1D titania's surface, the photoactivity will be affected.
From the photoactivity tests performed through the methylene blue solution, the photoactivity of
SiO2-TiO2 nanofibers is less active with increased amounts of SiO2 addition (Figure 4.7). The
TiO2 nanofibers without SiO2 coating possessed the highest photoactivity, with the photoactivity
becoming lower due to the increased amounts of silica. This is attributed to the shielding effect
of SiO2 which blocks the UV irradiation and transfer of electrons to the coating surface to form
hydroxyl radicals. These effects are confirmed as later discussed for UV-Vis spectra (Figure 4.10)
and photoluminescence spectra (Figure 4.11). Due to the low calcination temperature (200°C,
higher calcination temperatures were found to lead to nanotube structure collapse, see SI 4.3),
the photoactivity of TiO2 nanotubes is lower than that of the TiO2 nanofibers and exhibits weak
photocatalytic activity, which has been confirmed by other studies [249, 250]. With SiO2 coated
onto the surface, the photoactivity is slightly more active at first (Figure 4.8) which is attributed
to the SiO2 thin coatings diffracting and absorbing more UV light due to the high specific surface
area of nanotubes. However, for the SiO2-TiO2 nanostructures with ratio's higher than 5.4:100,
the photoactivity turned to be lower than previous ones, which is attributed to enhanced coverage
of SiO2 preventing the absorbance of UV light.
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Figure 4.7. The photoactivity of SiO2-TiO2 nanofibers of varying SiO2 content (wt. %) (1 ppm
methylene blue solution with light intensity of 0.635 W/m2). (a) blank (no TiO2); (b) 0; (c) 5.40;
(d) 10.8; (e) 16.2.
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Figure 4.8. The photoactivity of SiO2-TiO2 nanotubes varying SiO2 content (wt. %) (1 ppm
methylene blue solution with light intensity of 0.635 W/m2). (a) blank (no TiO2); (b) 0; (c) 5.40;
(d) 10.8; (e) 16.2.
The photoactivity of polyurethane coatings with SiO2–TiO2 nanofibers are investigated as
shown in Figure 4.9. Corresponding to the photoactivity property of nanofibers, the polyurethane
coatings embedded with SiO2-TiO2 nanofibers exhibit the same photocatalytic activity trend as
the pre-reacted nanostructures. The polyurethane coating with higher photocatalytic activity
nanostructure which is nanofibers, exhibits higher photoactivity. With increased loading of
nanostructure into the coatings, the photoactivity of polyurethane coatings also increased which
works as expected and is consistent with our previous study regarding the polyurethane coatings
with photocatalysts. According to other studies[251], more of the photocatalyst in the coating,
will lead to higher catalytic activity. However, comparing with our previous studies regarding the
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SiO2 coated anatase TiO2 which significantly enhanced the photoactivity due to the reduction of
agglomeration effect, there is barely any agglomeration of TiO2 nanofibes than that of anatase
TiO2. Therefore, no enhanced photoactivity could be observed from the SiO2 encapsulation of
TiO2 nanofibers.

Figure 4.9. The photoactivity of polyurethane (PU) nanocomposite varying nanostructures (1
ppm methylene blue solution with light intensity of 0.635 W/m2 after 30 min). (a) PU. (b) PU
with 2.5 mg F0. (c) PU with 5.0 mg T0. (d) PU with 7.5mg F0. (e) PU with 2.5 mg F2. (f) PU
with 5.0 mg F2. (g) PU with 7.5 mg F2.
3.3 Further investigation of photocatalytic activity
In order to better determine the effect on photoactivity of SiO2 to TiO2, UV-Vis spectra of
SiO2 coated TiO2 nanofibers were measured and are shown in Figure 4.10. With the SiO2:TiO2
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weight ratio increased, the UV absorbance decreases. The SiO2 on the surface of nanofiber works
as a blockage of UV absorbance of nanofibers and prevent the radicals transferring to solution,
which is similar to the results from other studies[228]. In order to confirm the photoactivity of
nanostructures, photoluminescence emission is performed (Figure 4.11 and 4.12). Figure 4.11
and 4.12 demonstrate the formation of hydroxyl radicals by the experimental catalysts with
terephthalic acid as a fluorescent probe due the formation of high fluorescent product
2-hydroxyterephthalic acid from the reaction of terephthalic acid and hydroxyl radicals. Without
the presence of photocatalyst, no peak was observed meaning that no hydroxyl radicals were
formed according to previous studies [132]. With the utilized TiO2 photocatalysts, the peak at
425nm was observed indicating the formation of hydroxyl radicals. The gradual decrease of
emission counts are complied with the photocatalytic results of methylene blue tests. The
photoluminescence of polyurethane nanocomposite coatings has the similar trend of
nanostructures and complied with the photocatalytic activity in Figure 8 as well.
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Figure 4.10. UV-vis spectra of SiO2-TiO2 nanofiber varying SiO2 content (wt. %). (a) 0; (b) 5.40;
(c) 10.8; (d) 16.2.

Figure 4.11. Photoluminescence spectra of SiO2-TiO2 nanofibers varying SiO2 content (wt. %)
(full light illumination of 1 sun for 10 min). (a) blank (no TiO2); (b) 0; (c) 5.40; (d) 10.8; (e)
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16.2.

Figure 4.12. Photoluminescence spectra of SiO2-TiO2 nanotube varying SiO2 content (wt. %)
(full light illumination of 1 sun for 10 min). (a) blank (no TiO2); (b) 0; (c) 5.40; (d) 10.8; (e)
16.2.

3.4 Mechanical Properties of SiO2-TiO2 Modified Polyurethane Coatings
Silica aerogels can be either hydrophobic or hydrophilic[252], therefore it is fairly
important to investigate the hydrophobicity of SiO2-TiO2 nanostructures embedded polyurethane
coatings. The contact angle measurements were performed for the samples before and after 10
min of 0.04W/cm2 UV light at 365nm wavelength (Figure 4.13 A&B). The TiO2 nanofibers
exhibit increased hydrophilic behavior compared to the nanotubes due to increased amounts of
hydroxyl groups on the surface, which remain when embedded into the polyurethane coatings.
Therefore, the contact angle of the embed coatings reduced. However, with the increased SiO2
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content on the surface, the nanofibers become more hydrophobic because of the decreased
amount of hydroxyl groups and hydrophobic behavior of silica. As the nanotubes exhibit more
hydrophobic behaviour, the contact angle increased with increasing SiO2 content on the surface.
However, when the ratio of SiO2 to TiO2 is 16.2:100, both of the nanofiber and nanotube
becomes more hydrophilic. The embedded nanostructures will protect the coatings from the
hydrophobicity change after UV irradiation. Moreover, with increased loading of nanostructures,
the coatings will become more hydrophobic (Figure 4.13 C&D).

Figure 4.13. Comparison of contact angle of polyurethane coatings embedded with 5.0 mg
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SiO2-TiO2 nanostructures before (A) and after (B) 10 min UV irradiation. TiO2 nanofiber (a:
blank. b: F0. c: F1. d: F2. e: F3.) TiO2 nanotube (f: T0. g: T1. h: T2. i: T3.) Comparison of
contact angle of polyurethane coatings embedded with different loadings of F0 before (C) and
after (D) 10 min UV irradiation. a: 2.5 mg. b: 5.0 mg. c: 7.5 mg.

Figure 4.14. The comparison of Young's modulus of polyurethane films before UV irradiation
(365nm, 36W, 120h) (A) SiO2-TiO2 nanofibers. (a) blank. (b) F0. (c) F1. (d) F2. (e) F3. (B)
SiO2-TiO2 nanotubes. (a) blank. (b) T0. (c) T1. (d) T2. (e) T3. After UV irradiation (365nm, 36W,
120h) (C) SiO2-TiO2 nanofibers. (a) blank. (b) F0. (c) F1. (d) F2. (e) F3. (D) SiO2-TiO2
nanotubes. (a) blank. (b) T0. (c) T1. (d) T2. (e) T3.
The tensile strength test followed the ASTM D882 method. The results (Figure 4.14)
indicate that by adding TiO2 nanofibers or TiO2 nanotubes, the Young's Modulus is higher than
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that of polyurethane raw coating (blank). This is attributed to strong adhesion from bridging or
chelating coordination between the titania nanofiller and the polyurethane matrix. Chen et al.
showed that nano-TiO2/polyurethane composites gave higher Young's modulus due to the TiO2
nanofibers or nanotubes strengthening the polyurethane matrix linkage[233]. With increasing
amount of SiO2 introduced into our system, the adhesion became stronger leading to higher
Young's modulus, attributed to higher adhesion between SiO2 and polymer matrix[234].
However, when the ratio of SiO2 to titania nanotubes is 16.2:100, the Young's modulus suddenly
dropped, probably due to a morphology change as indicated in Figure 4.2. After UV irradiation
testing, all of the polyurethane coatings exhibited a loss in mechanical strength. Since the
photoactivity of SiO2-TiO2 nanotubes are fairly similar, the drop of Young's modulus has no
significant difference. However, as shown by sample F1, the SiO2 coating provided decreased
photodegradation in the coating while maintaining UV absorbance. Meanwhile, with increased
loading of silica coated titania nanofibers into the coating, the Young's modulus increased
directly with wt. % (Table 4.2).
Table 4.2. The comparison of Young's modulus of polyurethane films with varying loadings of
F2.
Varying loading F2
Young's Modulus / MPa

2.5 mg
1867±34

5.0 mg
2140±60

7.5 mg
2552±81

4. Conclusion
SiO2 was coated onto TiO2 nanofibers and nanotubes via the Stöber process. The TiO2
nanofibers exhibited the highest photoactivity, with more SiO2 on the nanofiber surface blocking
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both the UV absorbance and electron transfer, leading lower photoactivy.

When these

nanostructures were added into polyurethane coatings, the photoactivity of coatings was found to
exhibit the same catalytic activity trend. They both strengthened the Young's modulus of coatings
while keep the hydrophobicity from changing. The SiO2 encapsulation process was found
promising to enhance integration of titania into polyurethane coatings while prevent the coatings
from aging under UV light.
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Chapter 5. TiO2 xerogel nanofillers for Transparent UV proofing
polyurethane coatings

Abstract: Supercritical CO2 (ScCO2) is an environmentally friendly approach for producing
nanosized metal/organic composites such as xerogels. Comparing with the conventional sol-gel
method, it reduces the chemical residue content and has negligible surface tension which is ideal
for synthesizing nanosized xerogels. In the present work, TiO2 xerogel nanofibers are
successfully synthesized via supercritical CO2. The coordination between Ti and the carboxylic
acid group was investigated showing a bidentate coordination. The TiO2 xerogel nanofibers are
possessed high UV absorbance. In the present study, we have integrated the fibers into
polyurethane coatings, which exhibited high UV shielding properties, and possess a negative
effect in reducing the thermicity and increasing reflective index, which allows enhanced IR
transfer through the coatings faster.

Keywords: TiO2, xerogel, nanofiber, supercritical CO2, Polyurethane
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1. Introduction
Polymer/nanostructured composites have had great successes in the development of
advanced materials, particularly with unique properties and combination of properties including
optical [253-255]. However, they suffer from the agglomeration of nanoparticles which causes
significant light scattering and reduces the transparency of the polymer composites [256]. There
are four methods for reducing the agglomeration effect and enhancing the transparency of
polymer nanocomposites, including: melt compounding such as extrusion [19, 20], film casting
[21, 22], in situ polymerization [23, 24], and in situ particle generation [25, 26].
Transparent polyurethane coatings have been investigated in other studies via in situ sol-gel
process [145]. However, in this study, the film casting method is utilized for the synthesis of
transparent polyurethane coatings. The nanofiller involved here are TiO2 xerogel which
possesses both solvent solubility and UV absorbance [257]. Therefore, it will introduce the UV
shielding property into the transparent polyurethane coatings. The conventional method to
synthesize TiO2 xerogels is sol-gel process in which titanium isopropoxide and acetic acid are
reacted in pure methanol solution[141]. However, this method is not an environmentally friendly
way to go, and the resulted xerogel is more like bulk material instead of nanosized. In the present
work, we have, therefore, chosen to synthesize nanosized TiO2 xerogel via a green approach
using supercritical CO2.
Supercritical CO2 (scCO2) is a fluid state of carbon dioxide where it is held at or above its
critical temperature and critical pressure. ScCO2 has attracted considerable attention in recent
years as it is inexpensive, nontoxic, lacks any solvent residues, and shows only negligible surface
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tensions, a fact which makes the solvent ideal for e.g. chemical extraction and nanomaterial
synthesis [97, 126, 127]. In this study, titanium isopropoxide and acetic acid are reacted in
supercritical CO2 and form TiO2 xerogel and isopropanol (scheme 5.1), which is an
environmental friendly approach. The as prepared xerogel are able to dissolve in solvent with
similar polarity of Acetic acid such as methanol or ethanol due to the acetyl group linked with
titania. When the nanofiber xerogel integrated into polyurethane coatings, due to the UV
absorbance property of TiO2 component [144] and the xerogel nanofiber structure, polyurethane
nanocomposite transparent coatings could exhibits various modified properties including
photoactivity, UV shielding, and thermicity.
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Scheme 5.1: The reaction of Titanium isopropoxide and Acetic acid in Supercritical CO2.

2. Materials and Experiments
2.1 Materials.
For chemical synthesis, the following chemicals were used as supplied: titanium
isopropoxide (97%, Sigma Aldrich), glacial acetic acid (99.7%, Caledon laboratory chemicals),
methanol (Caledon laboratory chemicals), poly aspartic ester (Bayer MaterialScience), poly
hexamethylene diisocyanate (Bayer MaterialScience), isophorondiamine - isobutyraldimine
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(Bayer MaterialScience), methylene blue (Caledon laboratory chemicals), anatase TiO2 (particle
diameter < 25nm, 99.7%, Sigma Aldrich), rutile TiO2 (particle diameter <100nm, 99.5%, Sigma
Aldrich).

2.2 Xerogel synthesis and coating preparation
The synthesis of TiO2 xerogel nanofibers is following a procedure described is a previous
study[97]. The reaction took place in supercritical CO2 (Figure 5.1) at 60ºC and 6000 psi with
10.6g Titanium isopropoxide and 8.13ml Acetic Acid mixed into the 25ml autoclave reactor, and
continues stirring for 3 hours, followed by the 3 days aging and 3 days washing with 0.5 mL/min
CO2. After that, the TiO2 xerogel nanofiber was take out from the reactor. Different amount of
TiO2 xerogel (5 mg, 10 mg, or 15 mg) were dissolved in 1.0 ml of methanol. Then 1.5g of polyol
mixture (with weight ratio of Poly Aspartic Ester : Isophorondiamine - isobutyraldimine equal to
4 : 1) and 2.0g of Poly Hexamethylene Diisocyanate were mixed one by one into the solution and
shake for 15 seconds to form homogeneous solution which is used for preparation of coatings.
The polyurethane coatings were prepared by spin coating method with Model WS-200BZ
-6NPP/LITE spin coater. The solution was spin coated onto the surface of 75mm x 25mm quartz
plates with different coating speed (1000 rpm, 2000 rpm, 3000 rpm) to form different thickness
of coatings, followed by curing at room temperature under 1 atm for 24 hours.

95

Figure 5.1: Scheme of the set-up to synthesize of TiO2 xerogel nanofiber via supercritical CO2.
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2.3 Characterization
The photoactivity of the as prepared TiO2 xerogel nanofibers was tested using 20ml
methylene blue solution (1ppm) containing 10mg of xerogel nanofibers. UV irradiation of the
solution was measured at an intensity of 0.635 W/m2 after 5, 10, 15, 20, 30, 40, and 60 minutes.
with a Luzchen ICH1light simulator.
Fourier transform infrared (FTIR) spectroscopy was used to identify the functional groups of
the prepared xerogel nanofibers and polyurethane coatings. FTIR analysis was performed using a
NICOLET 6700 spectrometer in the range of 600-4000cm-1 and was operated using 32 scans at
4cm-1 resolution.
Thermo-gravimetric analysis (TGA) was performed to measure the prepared xerogel
nanofibers using a TA Instruments® Q-series SDT Q600 analyzer. Thermogravimetric curves
were measured in the temperature range of 25-800 ºC (heating rate: 20℃/min; under air) and
analyzed using the TA Instruments® Universal Analysis 2000 software.
The absorbance in the ultraviolet range was measured by a SHIMADZU UV-3600 from
200nm to 700nm. Transmission electron microscope (TEM, Philips CM10) was performed at an
acceleration voltage of 80KV to determine the morphology of the prepared xerogel.
Scanning Electron Microscopy (SEM) was performed using a LEO(Zeiss) 1540XB SEM.
All images were taken at an acceleration voltage of 10 kV.
The Thickness of the polyurethane coatings prepared via spin coating method on quartz
plates (from VWR) are measured by TEMCOR® P-10 surface profiler.

98

3. Results and Discussions
3.1 TiO2 xerogel Characterization

Figure 5.2: Morphology of TiO2 xerogel nanofibers: (a) SEM and (b) TEM images.

The prepared xerogel shows the amorphous TiO2 structure (SI 5.1), and in Figure 5.2
indicates nanofiber morphologies with individual fibers well separated from each other. The
fibers exhibit diameters in a range from 50 nm to 100 nm. Around the nanofiber core, the
components which are light gray in color can be seen from the TEM image, consisting as the
titanium structure which linked with acetyl groups. By running thermo-gravimetric analysis of
the xerogel, it was found that the acetyl groups completely decompose at about 400 ºC. The
weight loss caused by decomposing the organic groups of the xerogel was calculated to be ~ 55
wt%. Comparing the experimental with the theoretical data which is calculated from the Scheme
1, we found that they are in good agreement and that the reaction in scCO2 was complete leaving
no residuals within the xerogel structure (Table 5.1).
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Table 5.1: Comparison of stoichiometric and TGA measured composition (acetyl groups / TiO2)
of the TiO2 xerogel.
Organic Group

TiO2

TGA measured Ratio

55

45

Stoichiometric Ratio

58

42

The FTIR spectra shown in Figure 5.3 demonstrates the chemical structure of TiO2 xerogel.
The C=O at peak 1718 cm-1 and C-O at peak 1258 cm-1 of carboxylic acid group are almost
disappeared after the reaction, which confirmed that the coordination of Ti and acetic acid is a
bridging bidentate coordination instead of a simple ring [202]. This result is similar to other
metal-acid coordination studies[202] which confirms the existence of bidentate coordination
between TiO2 and acid groups.
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Figure 5.3: FTIR spectra of (a) acetic acid in methanol with concentration 5 g/L; (b) methanol;
and (c) TiO2 xerogel in methanol with concentration 5 g/L.
The TiO2 structure is a xerogel structure in neither anatase phase nor rutile phase as
confirmed from the XRD results (see SI 5.1), the UV absorbance is always an important factor to
investigate. The methylene blue test was performed with 10 mg of TiO2 xerogel in 20ml solution.
The results (Figure 5.4A) demonstrate that the TiO2 xerogel absorbed a promising amount of UV
radiation and prevented the photodegradation of methylene blue significantly. And comparing
with the xerogel from concentional method, the xerogel nanofiber clearly has higher UV
absorbance and provides a better protection. In 60 minutes, about 75% of the methylene blue was
decomposed in the blank sample, while only 40% of the methylene blue was decomposed in the
sample with TiO2 xerogel. This result is in contrast with previous studies regarding TiO2 xerogel,
in which the photoactivity was enhanced [258, 259]. It is mainly because of their xerogels were
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treated by calcination so partially exhibited anatase crystal structure.
From the UV-vis spectra (Figure 5.4B), TiO2 xerogel nanofiber has a high UV absorbance at
the range from 200 to 300nm, some of which comes from the acetyl group whose UV absorbance
could be seen from the UV-vis spetra (Figure 4B), and others of which are from the TiO2
structure inside the xerogel nanofiber. Compare to the xerogel synthesized from comventional
method, xerogel nanofiber has higher UV absorbance. Meanwhile, there is no absorbance in the
visible range, which is encouraging for subsequently producing a transparent coating with UV
absorbance TiO2 structure inside.

Figure 5.4: (A): The photoprotection effects of TiO2 xerogel in 1 ppm methylene blue solution
102

with light intensity of 0.635 W/m2. (a) blank; (b) TiO2 xerogel nanofiber; (c) TiO2 xerogel
obtained via conventional method. (B): UV-Vis spectra of TiO2 xerogel in methanol with
concentration 3×10-4 mol/L. (a) acetic acid; (b) TiO2 xerogel nanofiber; (c) TiO2 xerogel obtained
via conventional method.

3.2 TiO2 xerogel and transparent polyurethane coatings
Table 5.2: Different thickness of polyurethane coatings with different spinning coating speed.
Spin speed (rpm)
Average Thickness
(μm)

1000

2000

3000

27.0±0.3

23.2±0.1

13.6±0.1

Figure 5.5. Photo of transparency of quartz plate (a) blank; (b) coated with polyurethane coating
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with 15mg (0.36wt%) TiO2 xerogel.

Due to the different speeds of spin coating, different thicknesses of polyurethane coatings
are formed on the surface of the quartz plates (Table 5.2). As the studies regarding the
relationship between spin speed and film thickness [260, 261], with higher spin coating speeds,
the thickness of the coating is become lower. Moreover, with different spinning speeds leading to
different layer thicknesses, the resulting samples were found to exhibit good transparency in the
visible range 350-700 nm, as shown Figure 5.5 and in the UV-vis spectra (Figure 5.6A), despite
the different xerogel concentration in polyurethane coatings. From the spectra, there is barely
absorbance in the range of 250-300 nm of polyurethane coating. However, with the increasing of
xerogel amount, there is reducing transmittance in the UV region due to more UV absorbance
material was inside the structure which is similar to other studies regarding polyurethane/TiO2
hybrid films [145], suggesting a promising coating improvement of UV shielding property
without decreasing transparency. With the increasing of coating thickness, the coating
transmittance in UV range is reduced as excepted (Figure 5.6B). However, after 10 days of 4.08
mW/cm3 UVC lamp irradiation, there is no noticeable change of UV spectra indicating a stable
UV shielding property (Figure 5.6C). However, with an increase of temperature, the UV spectra
shows a slight difference in the visible range (Figure 5.6D). With an increase of temperature, the
absorbance of visible light increased gradually due to the decomposition of polymer at higher
temperature.
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Figure 5.6. UV-Vis spectra of polyurethane coatings (A) prepared at 3000rpm with different
loadings of TiO2 xerogel. (a): 0 mg (0wt%). b: 5 mg (0.12wt%). c:10 mg (0.24wt%). d:15 mg
(0.36wt%). (B) with 15 mg (0.36wt%) TiO2 xerogel at different spin coating speed. a: 1000 rpm.
b: 2000 rpm. c: 3000 rpm. (C) with 15 mg (0.36wt%) TiO2 xerogel at 1000 rpm (a) before and (b)
after 4.08 mW/cm2 UVC lamp irradiation for 10 days. (D) with 15 mg (0.36wt%) TiO2 xerogel at
1000 rpm at different temperatures. (a) 25.1℃. (b) 34.0℃. (c) 43.5℃. (d) 51.4℃. (e) 58.1℃.
Regarding to polymer coatings, thermicity is an essential factor to measure the heat transfer
via irradiation. It is a measurement regarding long-wavelength IR transmittance of coatings.
Lower thermicity means higher IR blocking and lower heat transfer through IR radiation. It was
calculated by the following equation:
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𝐴T

𝑇=𝐴

100

×100%

(1)

where T is the thermicity of coatings, 𝐴T is the area under the transmittance curve between 700
to 1400 cm-1, 𝐴100 is the area in this region of 100% transmittance[262]. The calculated
thermicity results obtained from FTIR spectra are summarized in Table 5.3. With a reducing of
coating thickness, thermicity increased directly, which is expected according to
Bouguer-Lambert-Beer law [263, 264]. With an increasing xerogel amount, thermicity also
increased indicating that the TiO2 xerogels possess the ability of enhancing the coating thermicity.
However, this is in contrast with other studies in which the thermicity decreased with increased
loading of nanofillers [223, 264]. This difference is mainly because of the nanofiller in this study
is xerogel structure which improves the infrared radiation transferring instead of crystal structure
which diffracts and reflects the infrared radiation [265].
Table 5.3: Thermicity of different polyurethane coatings.
Spin speed

Amount of Xerogel (mg)

(rpm)

0

5

10

15

1000

20.2

22.6

24.0

24.3

2000

32.6

34.2

35.6

41.3

3000

35.4

38.7

39.4

53.3

Refractive index is an essential factor to investigate regarding polymer coatings [266, 267].
It is a factor describing the resistance of light traveling in a material. In this study, with more of
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xerogel integrated into the polyurethane coatings, the refractive index is lower, which indicates
the light is travels faster in the polyurethane coatings with more xerogel inside. Therefore, the
xerogel fillers are reducing the light travel resistance resulting in slightly lowered refractive
index. This is complied with other studies regarding xerogel nanofillers [268].
Table 5.4: Refractive index of different polyurethane coatings.
Amount of Xerogel (mg)

Refractive index (n)

0

1.534±0.003

5

1.525±0.002

10

1.515±0.001

15

1.509±0.001

4. Conclusion
TiO2 xerogel nanofibers were successfully synthesized via an environmental friendly method
in supercritical CO2. Comparing with conventional sol-gel method, it reduces chemical residues
and has negligible surface tension which is ideal for nanosized xerogel synthesis. The
synthesized TiO2 xerogel nanofibers exhibited high UV absorbance and UV protection property.
When integrated into polyurethane coatings, more the amount of xerogel inside the system,
higher the UV shielding property without the decreasing of transparency in visible range.
Moreover, thermicity is increasing with the increase of xerogel loadings and decreasing with the
increase thickness of coatings. Meanwhile, the reflective index is reducing with the increase of
xerogel loading.
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Chapter 6. Conclusions and recommendations

1. Conclusions
In this thesis, we utilized the in-situ polymerization and film casting method to introduce
different nano-TiO2 structures into polyurethane foams and coatings. It successfully reduced the
agglomeration effect of nano-TiO2 inside the polyurethane structure and enhanced the
photoactivity along with other physic-chemical properties of polyurethane.
DMPA (2,2-dimethylolpropionic acid) functionalized anatse TiO2 and P25was integrated
into polyurethane foam with a "grafting-from" method and the agglomeration effect was
successfully reduced. By applying Langmuir-Hinshelwood kinetics, the photodegradation of
polyurethane foam appears to be a zero order reaction. Coordination of DMPA to TiO2 gave
DMPA-TiO2(A) nanoparticles that at 3wt%, were able to increase the degradation rate of
polyurethane foam by 120%. DMPA-P25 nanoparticles increased the degradation rate about 66%
over unmodified polyurethane foam at a loading of 1wt%. After functionalized with DMPA,
anatase TiO2 becomes a better photocatalyst than P25 which is attributed from a reduction of
electron transfer due to anatase/rutile surface interaction separation.
SiO2 encapsulated anatase and rutile TiO2 nanoparticles were successfully synthesized via a
modified Stöber process, and integrated into polyurethane coatings. With a loading weight of
SiO2 < 3.25 wt%, the photocatalytic activity of anatase TiO2 was enhanced with a reduction of
agglomeration, while the rutile form TiO2 was tuned to be photocatalytic due to light diffraction
from the full coverage of SiO2 on the surface. For loadings beyond 3.25wt%, the photocatalytic
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activity of anatase TiO2 decreases and rutile TiO2 stays the same. When applied in polyurethane
coatings, with an increasing amount of SiO2 on the surface, the contact angle was increased from
75° to 87° for anatase form and 70° to 78° for rutile form. The Young's Modulus was also
increased from 1.06GPa to 2.77GPa for anatase form and 1060MPa to 2170MPa for rutile form.
The thermal insulation property of polyurethane coatings is successfully enhanced by
encapsulating SiO2 on the surface of TiO2 with the thermal conductivity from 0.15 to 0.042
W·m-1K-1 for anatase form and 0.069 to 0.037 W·m-1K-1 for rutile form.
SiO2 encapsulated TiO2 nanofiber which was synthesized via an environmental friendly
supercritical CO2 method and nanotube which was synthesized by conventional hydrothermal
reaction were also successfully synthesized via a modified Stöber process, and integrated into
polyurethane coatings. As of the TiO2 nanofibers exhibit highest photoactivity, with more SiO2
on the nanofiber surface blocking the UV absorbance and electron transfer, less photoactive the
nanofiber will be. As for higher specific area TiO2 nanotube, the SiO2 on the structure surface
will increase the photoactivity at first, and when the ratio of SiO2 to TiO2 past 10.8:100, the
photoactivity begin to decrease. When these nanostructures were addedd into polyurethane
coatings, the photoactivity of coatings exhibit the same catalytic activity trend. They both
strengthen the young's modulus of coatings and while the hydrophobicity did not change.
Nanofiber shaped TiO2 xerogel synthesized via environmental friendly approach
supercritical CO2 (ScCO2) was mixed within polyurethane coatings through film casting method
and the coatings remain transparent. The synthesized TiO2 xerogel nanofibers exhibited high UV
absorbance and UV protection property. When integrated into polyurethane coatings, more the
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amount of xerogel inside the system, higher the UV shielding property without the decreasing of
transparency in visible range. Moreover, thermicity is increasing with the increase of xerogel
loadings and decreasing with the increase thickness of coatings. Meanwhile, the reflective index
is reducing with the increase of xerogel loading.

2. Recommendations
Although the agglomeration effect is observed to be reduced inside the polyurethane
coatings by apply SiO2 on the surface of TiO2, it is still not totally eliminated since the coatings
are not as transparent as the ones with TiO2 xerogel. It is because of during the Stöber process,
TiO2 nanoparticles still have agglomeration effect in solution. On the other hand, during the
condensation step in the Stöber process, SiO2 might link with each other and form a large cluster
which contains a lot of TiO2 nanoparticles. In order to conquer these problems, we would suggest
investigating an in-situ Stöber process containing synthesis of TiO2 or controlled Stöber process
reducing SiO2 self-linkage. Other encapsulating metal oxide replacing SiO2 could also be
investigated.
The coating transparency issue caused by agglomeration would not be a problem for the
nanofiber-shaped TiO2 xerogel since it dissolves in the methanol solution. However, it suffers
from the solubility in methanol which limited the amount of TiO2 xerogel mixed inside the
polyurethane coatings. With less amount of methanol solution, the xerogel amount in coatings
would be less and would not have a significant UV shielding property comparing with
unmodified polyurethane coatings. With more amount of methanol solution, the xerogel would
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be enough to provide a significant UV shielding property, but the coatings would suffer from
lower mechanical strength. We suggest that either to figure out a solution possess a high
solubility of TiO2 xerogel or a solution which has no effect or even enhance the mechanical
strength of coatings.
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Appendices
Appendix A: support information

Supporting Information 2.1. DSC of DMPA and DMPA functionalized anatase TiO2 in air.
(a):DMPA; (b):DMPA-TiO2(A).
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Supporting information 3.1. TEM image of SiO2-TiO2(A) nanoparticles. a: A1. b: A2. c: A3. d:
A4. e: A0.
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Supporting information 3.2. TEM image of SiO2-TiO2(R) nanoparticles. a: A1. b: A2. c: A3. d:
A4. e: A0.
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Supporting information 3.3. XRD of different SiO2-TiO2 nanoparticles.
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Supporting information 3.4. UV-vis spectra of SiO2 coated the rutile form of TiO2.
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Supporting information 3.5. FTIR spectra of SiO2-TiO2 nanoparticles. Anatse TiO2 (a: SiO2. b:
A0. c: A1. d: A2. e: A3. f: A4.) Rutile TiO2 (g: SiO2. h: R0. i: R1. j: R2. k: R3. l: R4.)
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Supporting information 3.6. Photoluminescence spectra of SiO2-TiO2(R) nanoparticles in basic
solution under full light illumination of 1 sun for 10 min. a: blank. b: R0. c: R1. d: R2. e: R3. f:
R4.
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Supporting information 3.7. TGA curves of polyurethane coatings with and without
nanoparticles. a: pure polyurethane; b: polyurethane with A1.
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Supporting information 4.1. TEM image of SiO2-TiO2 nanofiber. a: F0. b: F5. c: F10. d: F16.
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Supporting information 4.2. UV-vis spectra of SiO2-TiO2 nanotube. a: T0. b: T5. c: T10. d:
T16.
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Supporting information 4.3. SEM images of TiO2 nanotubes calcined at different temperatures.
(a) before calcination; (b) 200 °C; (c) 300°C; (d) 400 °C.
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Supporting information 4.4. SEM images of PU nanocomposites with different nanoparticles
after methylene blue tests. (a) F0; (b) F2.
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Support information 5.1: XRD spectra of TiO2 xerogel nanofiber. a: TiO2 xerogel nanofiber, b:
TiO2 xerogel nanofiber calcinated at 400℃ for 1 hour.
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Support information 5.2. FTIR spectra of polyurethane coatings with 15 mg TiO2 xerogel at
different spinning speed. a: 1000rpm. b: 2000rpm. c: 3000rpm.
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Support information 5.3: TGA spectrum of TiO2 xerogel nanofibers treated in air.
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